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ABSTRACT 
Distributions of angular momenta of galaxies oan be used to 
test theories of galaxy origin. The observational problems are 
discussed in detai l . Previously, interpretations have been hampered 
by physical and physiological selection effects that operate on 
visual measurements. With the COSMOS machine and the deep Schmidt 
plates many of these problems: should be overcome. Before 
investigating the COSMOS data, two visual sets of measures, were 
examined. F i r s t l y , Brown's original uncorrected catalogue of 
position angles was studied. Previous investigators claim 
remarkable anisotropics exist in th i s data, and indeed there are 
some histograms showing peaks significant at the A-^-level. 
Further examination reveals l i t t l e reason for considering these 
excesses to be physical, and, taking into consideration the number 
of histograms possible (by splitt ing the data with various 
parameters), the anisotropics are too insignificant to use in 
theoretical arguments. 
Secondly, a set of visual measurements made on a deep UK 
Sohmidt plate recording both position angles and axis ratios was 
examined. The position angles are consistent with that expected for 
a random distribution, except for the smallest galaxies where some 
selection effect may be involved. There i s no evidence for a 
correlation between position angles of adjacent galaxies. When the 
quantization effects are taken into account the axia l ratio 
distributions are consistent with a random 3-dimensional orientation 
of a mixture of 8} % spirals and 17 % e l l ip t i ca l s . A comparison of the 
distribution of nearest neighbour separations with that expected for 
a random distribution of galaxies; on the sky shows that there i s 
clustering . When combined with an estimate of the size of dusters 
from a covariance analysis a mean number of 6.5 galaxies per 
cluster i s obtained. 
Using COSMOS coarse mode measurements of a portion of plate 
galaxy axia l ratio distributions have been obtained. The 
results can not be explained by any mixture of galaxy types. To 
check COSMOS, the plate was scanned by eye and an assessment of 
the machine i s provided. At the intermediate sizes 100 /^vm ^2a ^20() 
the identifications are satisfactory, but for larger images there 
are unexplained errors in the COSMOS data. For both sizes the 
agreement between the ax ia l ratios from COSMOS and those measured 
, by eye i s disappointing. I t i s concluded that further work of this 
nature must be performed only using the fine-mode f a c i l i t i e s of the 
machine. 
PREFACE 
The work described in th i s thesis was carried out during 
the period September 1975 to December 1976, while the author 
was a research student under the supervision of Dr. J.L.Osborne 
in the Physios Department of the University of Durham . 
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CHAPTER 1 
INTRODUCTION 
1.1 - General remarks 
One of the outstanding problems in the study of galaxy formation 
i s the origin of the angular momentum of galaxies. There are ourrently 
two opposing theories for the origin of the galaxies (see Jones 1976 
for an excellent review of the subject), namely the gravitational 
ins tabi l i ty theory (Peebles, 1970) and the cosmic turbulence theory 
(Ozernoi, 1970 • I n the la t ter theory the angular momentum i s naturally 
explained as a result of the turbulent eddies, but some d i f f i cu l ty has 
- been encountered in explaining the observed angular momentum of sp ira l 
galaxies in the context of the gravitational ins tabi l i ty theory. Here 
the spin i s supposedly caused by t ida l forces induced by motions of 
adjacent galaxies. 
Most of the slow progress in this f i e l d i s caused by a lack of 
observational results especially those relating to the angular momenta 
of galaxies. The main aim of this thesis i s to collect data on the 
distribution of angular momenta, and to investigate whether there i 3 
any non-randomness in these distributions. Such anisotropics, i f they 
exist , could further our understanding of the origin of galaxies. 
I t i s not possible to determine the specific angular momentum of 
a galaxy without detailed studies of the stars' that constitute i t . I n 
order to investigate the distribution of angular momentum for many 
galaxies, we must therefore resort to a l l i ed quantities such as apparent 
shapes and orientations. I t i s then necessary to make assumptions about 
the true shapes of galaxies and the direction of the angular momentum 
vector in the frame of the galaxy. 
From the few detailed observations of nearby galaxies i t seems 
reasonable to assume that the angular momentum vector i s aligned paral le l 
to the true minor axis of the galaxy. The situation concerning e l l i p t i c a l 
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galaxies i s s t i l l not olear, and where the distinction can be made, we 
w i l l deal with spirals only. With the above assumption we can test for 
anisotropy by studying the orientations and shapes of many galaxies. 
We now define the necessary observable quantities. 
Position angle 
The position angle of a galaxy i s the angle measured counterclock-
wise from some fixed direction (normally due north) to the l ine defined 
by the intersection of the plane of the galaxy with the plane of the 
sky; that i s the angle between the meridian passing through the object 
and the direction of i t s apparent maximum diameter (major axis) measured 
from north through east (see figure 1) . Position angles are readily 
obtained for a l l e a l a x i e s exoant thosA whnsA im«-.«*es «re nearly c ircular 
and those that are not e l l i p t i c a l in apparent shape. A , 
a : Semi major axis ^ / 
b. : Semi minor axis / 
ef>: Position angle / / \ 
Fig . 1 / 
Inclination 
This i s simply the angle between the plane of the galaxy and the 
l ine of sight, and an estimate of the inclination can be found from the 
apparent flattening of a galaxy i f the true shape i s known. 
b : Apparent semi minor axis 
True semi minor axis 
Observer 
\ 
8 
F i g . 2 
Axial rat io 
The axia l ratio is 'defined by the rat io of semi minor axis (b) to 
semi major axis ( a ) . Tha amount.of incl ination can be roughly found from 
measures of b/s . I n the simple case where a galaxy i s a thin c i rcu lar dick, 
the incl ination i s given by : 
Cos i = b/a (see figure 2) 
The distribution of apparent axial ratios for e l l i p t i c a l , SO+SBO and 
ordinary sp ira l galaxies confirm that the e l l i p t i c a l s have only moderate 
in tr ins i c flattening whereas ordinary spirals and SO's are i n t r i n s i c a l l y 
f l a t t e r , possessing thin disks with l i t t l e dispersion i n thickness (Sandage 
et a l . ' 1970) • In principle the frequency function of true axis ratios of 
spheroidal galaxies can be dorived easi ly from the observed frequency 
function of apparent axial rat io under the assumption of random orientation 
of the angular momentum. This problem has been often treated, mainly with 
respect to e l l i p t i c a l end lent icular (SO) galaxies". Later we w i l l analyse 
this problem for two different data sources (measured by hand and by machine) 
and the inclination in the general case w i l l be discussed then. I t should bs 
pointed out, however, that- position angles and inclinations con not determine 
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the direction of the angular momentum absolutely; in fact these parameters 
give four possible orientations, since we can not distinguish between 
opposite senses of spin and there i s also a geometrical ambiguity. 
1.2 - Description of the Data 
In this research work, we have used three different types of data as 
follows : 
a - Brown's measurements (Brown, 1964, 1968) 
The only available data on orientation angles for large samples of 
galaxies are those measured by Brown (I964 f 1968). 
He determined position angles and axis ratios for more than 9000 galaxies 
on the blue and red prints of the Palomar Sky Survey in the constellations 
Pisces, Virgo, Ursa-Major, Hydra and Eridanus. 
Dr. Brown kindly supplied his original measurements which are, for each 
•galaxy : 
the position (X and Y) on each plate, the maximum angular diameter, the 
form (axial ratio) and the orientation angle. We have selected from this 
data only the spiral galaxies. 
In the f i r s t set of measurements (Brown, 1964) position angles were l i s t ed 
for a l l galaxies omitting a value only for images that were nearly oircular 
( b / a ^ 0.75) • Later however, this l imit was reduced to 0.55 since Brown 
fe l t that for b/a >^ 0.55 position angles were uncertain. This data and i t s 
treatment i s discussed thoroughly in chapter 2 . . 
b - ROE data 
The ROE (Royal Observatory Edinburgh) data, i s a catalogue of 3054 
galaxies compiled by Professor Reddish from a I l l a J Schmidt plate i n an 
area of 2 square degrees near the south galactic pole. The data oonsists of 
the positions, sizes (diameters) shapes and orientations. 
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Spirals and e l l ipt ioals are not distinguished in this data . I t i s estimated 
that the galaxies observed are distributed to distances corresponding to 
redshifts of about 0.5 (Dodd et a l . 1975). 
We have analysed this data to examine the distribution of orientation 
angles of a l l galaxies, the distribution of the difference between 
orientation angles of nearest neighbour galaxies, the distribution of axial 
ratios of spirals and e l l i p t i c a l s , clustering and also the ratio of spirals 
to e l l i p t i c a l s . The results are given i n chapter 3 . 
c - COSMOS data 
COSMOS i s a sophisticated machine (Pratt et a l . 1975) capable of 
precision measurement of co-ordinates, s ize , magnitude, orientations and 
shapes of astronomioal images. 
Essent ia l ly tha machine i s a r-a^id scanning densitometer which 
analyses individual images above a certain threshold. A detailed description 
of COSMOS has been given by Mac&illivray (1975) and we reproduce in table 1 
the main description of this f a c i l i t y . 
This thesis i s concerned with the measurements by COSMOS of deep 
Schmidt plates taken on the UK 48-inch Schmidt Telescope at Siding Spring, 
Austral ia. The specifio details of thfisddata and the results of the 
distributions of axial ratios and nearest neighbour galaxies are provided in 
chapter 4. 
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Table 1 
COSMOS 
Photographio plate size:up to 356mm X 356mm 
Plate carriage: 
Scanning systems: 
Machine oontrol: 
Machine output: 
Raster scan systems: 
Spiral scan system: 
moved hydraulically and positioned by a transmission 
grating system to +0.5/»*.m. 
two independent microspot cathode ray tubes, one 
giving a raster scan,the other a sp ira l scan, 
general purpose mini-computer with 8192 words of 
16 bit storage. 
machine tape deck of 1600 bits per inch, 75 inches ' 
per second. 
Spot sizes of 8, 16 or 32/x.m with corresponding lane 
widths of 1, 2 or 4mm respectively; for the 8/* m spot 
the scanning rate i s 2 square mm per seoond, or one 
fu l l - s i zed plate per day ; 
transmission digitised to 127 levels , 
three magnifications give f i e l d scanning diameters on 
the plate of 256, 820 and 2048^m respectively, 
generates family of -1024 general e l l ipses , centres 
on image and determines best f i t t ing . e l l ipse . 
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1 . 3 - Comments on the distribution of angular momentum of galaxies 
Possible anisotropics in the distribution of angular momenta of 
galaxies have been discussed by many astronomers. 
Brown (1938) claimed he had found evidence for anisotropy i n Shapley's 
catalogue that contains 7,889 external galaxies in the Horologium region. 
He also found that the frequency function of position angles for an area 
close to the south galactio cap lying chiefly in Cetus (Wyatt and Brown, 
1955) and partly in Pisces (Brown, 1964) was markedly skew. 
The Cetus measurements were repeated by Kris t ian (1967) independently, 
and he used different plate material; nevertheless, his results did not 
confirm Brown's work, that i s the distribution he obtained was f l a t . This 
discrepancy has not been resolved. 
Reaves (1958) olc-o did net icoispt Suva ' s i-esulu, therefore he scanned 
position angles of galaxies on two plates covering part of the region of 
the Shapley survey and found no evidence for anisotropy. 
Reinhardt (1971, 1973) however, agrees with Brown's comments and says 
that there are s t a t i s t i c a l l y significant departures from isotropy indicating 
a non-random distribution of angular momenta. 
He adds that i t i s d i f f i c u l t to ascribe these departures (Brown's results) 
to selection effects, because Brown finds preferences for more than one 
angle. 
Opik (1969) argued that Brown's observations may be subject to systema-
t i c observing errors. Opik emphasized that the accuracy of Brown's 
measurements and care of his investigation i s not questioned, but that 
there i s possible unconscious bias i n the selection of galaxies. He suggested 
that plates should be measured i n two distinct orientations. 
Brown did this for three plates of the Pisces region but found no 
significant differences. However, Hawley and Peebles(1975) add that Opik 
had suggested that the two catalogues should be compiled independently, 
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whereas Brown simply remeasured one catalogue. 
1.4 - Selection effects 
I n considering position angles and axis ratios of galaxies, there are 
several unavoidable human and physical selection effects which must be 
discussed. These effects w i l l be greatly simplified with the advent of 
COSMOS data; some w i l l be eliminated altogether whilst the remaining effects 
w i l l be reproducible and can be corrected for. I n the following, we explain 
several kinds of selection effects and la ter we w i l l consider their effects 
on the distribution of position angles and axial ratios in our data. 
1- Holmberg effects 
Holmberg (19M>) in comparing photometric dimensions of synthetic 
galaxy ima,ges in his laboratory experiments encountered the--following 
physiological effects : 
a - F i r s t Holmberg effect 
This effect' consists of a systematic underestimate of the axia l rat io , 
the deviance being larger for edge-on galaxies ( i . e . those with small axis 
ra t ios ) . The effect i s not very dangerous, because i t only redistributes 
according to inclination in a catalogue, 
b - Second Holmberg effect 
This effect consists of an underestimate of the maximum diameter 
(major axis) by an amount which depends on the axial rat io . The deviance i s 
largest for face-on galaxies. In considering this effect one must be very 
careful , because i t causes incompleteness i n catalogues l i s t ing galaxies 
down to a fixed limiting apparent maximum diameter. The second Holmberg 
effect i s partly physiological but i s mainly due to the visual effect of the 
intensity distribution across galaxies. One must be extremely careful 
therefore, in estimating distances from angular diameters. Isophotal 
diameter must f i r s t be corrected to their "face-on" equivalents and then 
corrected again before comparing with a 'true' metric s i ze . 
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2- Selection effect by surface brightness (Opik effect) 
This, effect was discovered by Reynolds(l920) and was explained 
by Opik (1923) a-s follows. 
Galaxies have greater surface brightness at small inclinations. For 
further discussion we can say i f we consider two similar transparent 
galaxies at the same distance, one edge-on and one face-on, the 
radiation from the edge-on galaxy w i l l emanate from a smaller 
angular area and thus i t s surface brightness; w i l l be enhanced. I t 
means that at a fixed angular diameter l imi t , these edge-on images 
appear too> frequently. 
In the case of' sp ira ls , the effect i s offset to some extent by 
the increased dust absorption and this renders the correction 
somewhat uncertain. 
3- Quantization effect 
A l l measur3nents(positions, major and minor axes of galaxies) in 
ROE data have been quantized. The X and Y coordinates are given to 
the nearest 254/^m(0.0t inch). The major and minor ax&3 are given 
to the nearest 10/um. 
This effect i s also present in COSMOS data ( both position and 
extents are given in the nearest 8/um), but as we shal l consider 
only the larger galaxies for that data we can ignore the effect in 
the COSMOS observations and apply corrections only for the ROE data. 
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CHAPTER 2 
Analys i s of Brown's data 
2 . 1 - The need f o r another ana lys i s of Brown's data 
Brown's data have been studied by many inves t iga tors , but i n a l l cases 
the r e s u l t were taken from histograms given i n h i s papers (Brown, 1938,1S6J». 
1968. Wyatt,_et a l . 1955).It i s important,however,to mention that Brown a c t u a l l y 
smoothed these true histograms before presenting them i n h i s paper (Brown, > 
1968) , thus making conclusions about anisotropy rather dubious. 
We have, by kind permission of Dr.Brown, been able to computerise 
Brown's o r i g i n a l uncorrected measurements and thus we can inves t igate e f feots 
of smoothing and anisotropy on the genuine data. I n p a r t i c u l a r , we are now 
able to correct each datum point ( i f required) f o r phys i ca l and phyaiologieal 
s e l e c t i o n e f f e c t s and to produce many more histograms f o r a v a r i e t y of 
parameters (forms, diameters, e t c . ) . 
2 . 2 - Descr ipt ion of the raw. data 
The o r i g i n a l measurements under d iscuss ion have been described i n 
d e t a i l by Brown (l964) and the catalogue i s simply the raw uncorrected 
measurements grouped .according to plate number and region of the sky. The 
galaxies are s i tuated i n an extensive area i n the southern g a l a c t i c 
hemisphere, centred i n the cons te l l a t ion of P i s c e s ; a lso i n the northern 
g a l a c t i c hemisphere centred i n Virgo , Hydra and Ursa-Major. The measurements 
were made from pr in t s of the National Geographic Sooiety-Palomar Observatory 
Sky Survey. Each p la te covers a maximum area of 36 square degrees, excluding 
overlap. For each galaxy i n the catalogue we have i t s pos i t ion , maximum 
angular diameter ( i n a r c s e c ) , form(axis r a t i o ) and, f o r the s p i r a l s the 
pos i t ion angle. 
There are two possible c l a s s i f i c a t i o n s f o r the form (measured by the 
r a t i o of the apparent minor ax is b to the apparent major a x i s a ) ; Harvard 
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c l o s s i f i c a t i o n ( ^ j ^ a r ^ ^ O - W 0 ) ) and Brown's c l a s s i f i c a t i o n 
^ B r o w n = 1 0 ^ / a ) >• 
I n t h i s work, the form was given i n the Brown c l a s s i f i c a t i o n ; eg . , form 1 
means : 0 ^ b / a ^ O . I S , form 2 : 0.15 ( b / a ^ 0 . 2 5 e t c . up to form 10 : 
0.95 ^ b / a ^1 .0 . Note that the i n t e r v a l s are not quite uniform. 
I n the f i r s t se t of measurements (Brown, 1964) pos i t ion angles are 
l i s t e d f o r a l l s p i r a l galaxies omitting a value only for images that were 
nearly c i r c u l a r ( b / a ^ 0 . 7 5 ) « Later however, t h i s l i m i t was reduced to 0.55 
s ince Brown f e l t that for b / a ^ 0 . 5 5 pos i t ion angles were uncerta in . As 
Opik (1 970) has pointed out, i n studying the angular, momentum d i s t r i b u t i o n 
t h i s s e l e c t i o n i n b / a i s unnecessary. 
C i r c u l a r objects have poorly defined pos i t ion angles but the d i rec t ion 
of the angular momentum i s f a i r l y we l l determined. To make tha ent i re 
catalogue homogeneous however,we have also had to impose a l i m i t b / a ^ 0 . 5 5 
f o r the f i r s t set of measurements. 
The data are summarised i n table 2 which gives the cons te l l a t i on , t o t a l 
number of p la tes and the t o t a l number of galaxies recorded on those p l a t e s , 
n 
down to a l i m i t i n g major axis of 40 . 
Table I I 
Brown 1s data 
Cons te l la t ion Tota l no. of p lates Tota l no. of galaxies 
P i s c e s 87 2843 
Hydra 9 717 
Ursa-Major 7 1004 
Virgo 6 544 
T o t a l 109 5108 
Our catalogue l i s t s only s p i r a l ga lax ie s . Although Brown recorded 
e l l i p t i c a l s , mainly f o r morphological inves t igat ions , he omitted them from 
his pos i t ion angle histograms. Opik (1970) has shown that use fu l information 
can be extracted from b / a and pos i t ion angles f o r a set . of e l l i p t i c a l s . I t 
i s not c l e a r , however whether e l l i p t i c a l s possess any angular momentum, 
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whereas with s p i r a l s the pos i t ion i s more favourable and furthermore, the 
range of metric diameters observed i s much l e s s than that f o r e l l i p t i c a l s . 
Consequently any l i m i t i n g angular s i ze w i l l l ead to a l e s s ambiguous 
distance l i m i t . 
The lower l i m i t of diameter was f i x e d by Brown s t r i c t l y at 0.6mm(40 
seconds of arc ) f o r the P i sces measurements and at 0.54 mm (36 seconds of 
arc ) f o r the other regions. Although, one can r e a d i l y d i s t ingu i sh the form 
and pos i t ion angle of smaller ga lax ies , to ensure reasonable completeness 
of the survey, he considered i t des irable to stop at the s tated l i m i t s . 
The primary consideration of observations was made on p r i n t s reproduced 
from the p la tes taken i n blue l i g h t . P r i n t s from the red plates were 
sometimes used to decide whether a galaxy was a f a i n t s p i r a l or a spheroidal 
object , s ince the images of e l l i p t i o a l s were u s u a l l y found to be r e l a t i v e l y 
stronger on the red p la te than on the blue. The t r a n s i t i o n a l SO types were 
not c l e a r l y separated from the e l l i p t i c a l and s p i r a l forms. We included the 
SO galaxies with the s p i r a l s , when t h e i r axis r a t i o was l e s s than 0.3 • 
2 . 3 - S t a t i s t i c a l ana lys i s of smoothed and raw data 
I n h i s 19^8 paper Brown wrote the fol lowing : 
" I n most cases a smoothing out of the minor i r r e g u l a r i t i e s i s e f f ec ted by 
t r a n s f e r r i n g l i m i t i n g pos i t ion angles from the proper group of s i x (degrees) 
to the one above or next below." Thus he a l t ered the histograms to make them 
smoother and so poss ib ly created an i n t e r e s t i n g psychological problem. As 
we know, the eye judges "noise" i n a d i s t r i b u t i o n by the s c a t t e r from point 
to point , therefore because the minor i r r e g u l a r i t i e s have been suppressed 
the noise or s t a t i s t i c a l s ca t t er appears to be small and the occas ional 
large s t a t i s t i c a l f luc tuat ions appear to be more s i g n i f i c a n t . Below we 
define the ehi-squared and autocorrelat ion t e s t s which we w i l l use to 
examine the impl icat ions of t h i s smoothing. 
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a - Chi-square (^Cf ) t e s t 
F o r the data l i s t e d i n table 1 frequency d i s tr ibut ions of pos i t ion 
angles have been plotted(see f o r example f igures 3 and 4 ) . 
We wish to t e s t whether the observed d i s tr ibut ions are oonsistent with the 
hypothesis of an i s o t r o p i c a l l y random d i s t r i b u t i o n . 
A t e s t which i s often used to t e s t the equivalence of a probab i l i t y 
density funct ion of sampled data to some t h e o r e t i c a l i sotropy of the 
histograms i s based on the fol lowing formula : 
• % - "o > / " J 
i=1, n 
th 
where i s the count i n the i angle b in (observed frequency) and NQ 
i s the mean of N. (expected frequency) over the n=30 b ins . 
For a random i so trop ic d i s t r i b u t i o n of pos i t ion angles the expected value 
o f " ° I ° s e * ° V (*k e number of degrees of freedom); i n t h i s case 
"y = 3 0 - 1 =29 • I n table I I we have l i s t e d f o r each sample of smoothed 
and raw data two d i f f e r e n t values f o r the fol lowing : 
/ 2 2 N (number of galaxies i n the h i s tograms) ,*^ . (Chi - square) , P ^ * ) L ) , the 
p r o b a b i l i t y that i n a random d i s t r i b u t i o n ^ exceeds the observed value , 
— C • ' ~ and f i n a l l y C,= (the autocorre lat ion c o e f f i c i e n t i n terms of 
standard deviat ion, see below). The upper l i n e r e f e r s to values derived 
from Brown's, smoothed histograms, whereas the lower l i n e r e f e r s to the 
raw. d a t a . I f the pos i t ion angles were randomly d i s t r ibuted , the p r o b a b i l i t i e s 
^(yi^) should be uniformly d i s t r ibuted from 0 to 1 , whereas 5 out of 10 
f o r the unsmoothed data have P ( > ^ ) ^ 0 . 0 1 . 
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b- Autocorrelat ion c o e f f i c i e n t s 
This t e s t measures the c o r r e l a t i o n between the numbers of galaxies 
i n adjacent b i n s . I n t h i s respect i t i s therefore a s e n s i t i v e measure 
of the lack of noise or ' smoothness * of a histogram. The autocorre lat ion 
c o e f f i c i e n t i s defined as : 
M N 
i=1,n "0 
where : 
NQ S Average number of galaxies per b i n . 
N^ = Number of galaxies i n i b i n . 
n = Number of b i n s . 
I f the pos i t ion angles are randomly Sistri^ut-sd* the o=psct=d T S I U * * i>£ Lho 
autocorre lat ion c o e f f i c i e n t i s zero . I t i s more convenient, however to 
-quote the autocorrelat ion c o e f f i c i e n t i n terms of i t s standard deviat ion, 
as follows. : 
Cy = 
| / n " 
where n i s the number of b i n s . 
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Table I I I 
S t a t i s t i c a l parameters f o r smoothed and raw data i n Brown's catalogue. 
Upper and loraor numbers r e f e r to smoothed and raw data re spec t ive ly . 
AREA FORM SIZE(ft?c&£c) N %- 2 p 0 ^ > C , = C / / n -
PISCES 
1 - 2 40 - 64 
346 
337 
39 
52 
0.09 | 
0.005 • 
4.38 
1.73 
3 - 5 4 0 - 6 4 
249 
255 
23 
39 
0.78 
0.10 
2.74 
0.81 
VIR&O 
1 - > 
230 
233 
44 
49 
0.03 
0.01 1 t 
3.47 
2.594 
4 - 5 > 3 6 
102 
103 
20 
34 
0.90 
0.24 
2.00 
-0.405 
1 - 2 > 65 
238 
222 
26 
29 
0.63 
0.47 
2.92 
1.855 
URSA-
MAJOR 3 - 5 > 50 
238 
212 
18 
49 
0.94 
0.01 \ t 
219 
0.539 
3 - 5 36 - 49 
203 
199 
28 
29 
0.53 
0.47 
2.92 
1.155 
1 - 2 > 65 
146 
152 
26 
58 
0.63 
0.001 \ f 
2.19 
-O.76 
HYDRA 3 - 5 3 6 - 6 4 
230 
230 
20 
35 
0.89 
0.20 
2.56 
1.111 
1 - 2 36 - 64 
268 
270 
28 
49 
0.54 
0.01 ^ * 
3.47 
0.73 
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From table 3 , f o r the*)C. - t e s t , we see that i n f i v e samples 
marked i smoothing reduced the s i gn i f i cance of the apparent non-randomness 
of the pos i t i on angle d i s t r i b u t i o n s . For the remaining f i v e samples 
P ( % ) i s increased or decreased by the smoothing but i n both cases i s 
consistent with a random d i s t r i b u t i o n . 
I f we compare the d i f f e r e n t autocorrelat ion c o e f f i c i e n t s i n table 3 
we f i n d that C^s f or the smoothed data i s cons i s t ent ly higher by about 
2 < r \ 
The above tests give us some measure of the d i s tor t ions introduced 
by smoothing. As expected the R v a l u e s are considerably changed, and 
most of the beaut i fu l peaks i n the Brown papers are probably pure 
manifestations of t r a n s f e r r i n g data (by one b i n ) . Nevertheless i n table3 
we notice f i v e histograms that appear s i g n i f i c a n t at the 1* ' level- as 
2 
determined by t h e ^ - t e s t , before smoothing i . e . , i n the raw catalogue. 
Two of these histograms, (hereaf ter r e f e r r e d to as 'remarkable ' 
histograms) are reproduced completely i n f igures 3 and A- .Apart from these, 
there i s nothing s i g n i f i c a n t l y above the 2ef l e v e l as determined by the 
autocorrelat ion t e s t i n the data • 
We= now. turn our attention to these two histograms ( i n Virgo and 
Hydra ) . 
I 
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2.4 - Descr ipt ion of * remarkable 1 histograms 
I n the annexed histograms ( f igures 3 and 4 ) , a l l s p i r a l s , down to 
the l i m i t i n g diameter (65 arcse.c) and forms (1-3 , 1-2) over the whole 
of the 6 p lates ( for Virgo ) and 9 p lates ( f o r Hydra ) , are binned at 
, 0 
i n t e r v a l s of 6 . The histograms r e f e r to the raw data, but the raw and 
smoothed counts are wr i t t en .alongside. 
Figure 3 shows that the pos i t ion angles of s p i r a l s , and with ax is r a t i o s 
l y i n g between 0 and 0.25 or form 1-2, show a strong preference f o r values 
^0 0 
near 36 and 120 . I t i s i n t e r e s t i n g that the number of galaxies i n these 
two peaks are the same f o r the smoothed data . 
I f we compare the number of galaxies i n the_raw data ( f igure 3) with 
the numbers i n the smoothed data between pos i t ion angles 36^-42^, 719 f i n d 
tha t , there i s l i t t l e d i f f e r e n c e ; i n other words. Brown's smoothing , i n 
t h i s case^has not changed the o r i g i n a l histogram very much. 
Figure 4 shows another ' remarkable 1 histogram of pos i t ion angles i n 
Hydra region. Here there i s a preference f o r values at 30^-36^ and 168^-174^o 
The number of galaxies i n the f i r s t peak ( 30^-36^ ) i s equal to that i n 
Brown's paper, whereas i n the second peak (168^-174°) the counts are d i f f erent , 
To examine the s i gn i f i cance of these peaks t h e i r height i n standard 
deviations above the mean can be c a l c u l a t e d . I n f igures 3 and 4 the s o l i d 
l i n e shows the mean number of galaxies i n a b i n n while the dashed l i n e s 
1 
. 2 
show the + l imits , where the standard deviat ion £r = (n) . I n f igure 3 
the peaks at 3 6 ° - 4 2 ° , 126° - t 3 2 ° a r e re spec t ive ly 4 .7 £ ^ and 1.9 above 
the mean. I n f igure 4 those at 30°-36*° and 1 6 8 ° - 1 7 4 ° are 3.1 ST* and 4 .4 
above the mean. 
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Tb invest igate f u r t h e r these seemingly s i g n i f i c a n t peaks, we plot the 
histogram i n the region of the peaks with a f i n e r i n t e r v a l . T h e purpose of 
doing t h i s i s to see whether the s u r p r i s i n g l y sharp r i s e at the peak i s 
due to some excess at one pos i t i on angle. The r e s u l t s f o r the two "bigger 
peaks are given i n f igures 5 and 6 . They show that , i n the case of Hydra 
there r e a l l y does appear to he an excess at 171 - 2 ° . 
I n V i r g o however, the pos i t ion angles are spread quite evenly across 
the 6 ° b in . Since the accuracy of measurement i s only about 5 ° t h i s 
l a t t e r r e s u l t i s reasonable whereas the Hydra r e s u l t seems quite suspioious. 
A f u r t h e r t e s t of the r e a l i t y of these peaks i s given by the s p a t i a l 
d i s t r i b u t i o n of the galaxies ooncemed. I t would f o r ins tance , be 
i n t e r e s t i n g i f the galaxies were highly c lus t ered . 
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Table IV 
Frac t ions of s p i r a l galaxies i n Virgo with pos i t ion angles 
i n the peak 3 0 ° ^ > v{ 4 7 ° 
PLATE NUMBER FRACTIONS 
1401. 7/96 = 0 . 0 7 
1405 8/86 = 0.09 
1578 4/41 = 0.10 
1023 3/62 = 0.05 
1066 10/128 = 0.08 
1600 . - / — .- - -i'\jf \jT\ — U « U O / 
Table V 
F r a c t i o n s of s p i r a l galaxies i n Hydra with pos i t ion angles 
i n the peak t 6 2 ° { ^ { 179° 
PLATE NUMBER FRACTIONS 
28 8/82 = 0.10 
922 2/87 = 0 . 0 2 
233' 4/74 = 0.05 
649 1/78 = 0.01 
1359 1/75 = 0.01 
470 2/131= 0.02 
1530 1/67 = 0.01 
-20-
Table 3 and A- show the f r a c t i o n s of s p i r a l galaxies with pos i t ion angles 
i n the peaks mentioned above, f o r each p late i n both areas . 
C l e a r l y there i s l i t t l e large - s ca l e c l u s t e r i n g on the Virgo area s ince 
the f rac t ions vary by only + 30 % . 
On the Hydra data however, plate number 28 shows a marked excess of 
ga lax ies , though otherwise the d i s t r i b u t i o n i s quite even. 
To examine t h i s , and a lso to inves t igate the poss ible c l u s t e r i n g of such 
galaxies on sca les smaller than 6 ° the d i s t r i b u t i o n of galaxies on 
ind iv id u a l p la tes was studied. 
Figure 7 r e f e r s to such a d i s t r i b u t i o n f o r the p la te number 1600 
i n Virgo and f igure 8, to p late number 28 i n Hydra which we mentioned above. 
The pos i t ions are given by Brown to the nearest 0 . 5 ° o n l y . 
0 ° 1 ° 2 ° ' 3 ° if 0 5 0 6 ° 
X 
F i g * 7- S p a t i a l d i s t r i b u t i o n of galaxies on p la te number 16*00 
i n Virgo . 
J i g . 8- S p a t i a l d i s t r i b u t i o n of galaxies on p l a t s number 28 
i n Hydra . 
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We can measure the median of the observed separations "between 
nearest neighbour of galaxies i n figure 7 and 8, by hand and the r e s u l t s 
are as follows : 
For plate number 1600 median of the observed separation =1 .15° 
For plate number 28 median of the observed separation =0.5° 
We must note that i n plate number 28 for hydra, we have f i v e within 
the same 0 . 5 ° X 0.5°square and having position angles between 1 6 9 ° - 1 7 2 ° . 
By using the following formula, we w i l l be able to find expected 
median of the separations between nearest neighbour of galaxies i n the 
figures 7 and 8 : 
exp(-na/A0£ e d #) 
where & m e^ i s median angular separation between nearest neighbour 
galaxies, n is, the t o t a l number of galas.es i n each p l a t s , s^d A 1^ tu^ 
area of the p l a t e s . 
For plate number 1600 Q , = 0 . 9 ° 
me a. 
For plate number 28 OmeU s 
Comparing the two values f o r the observed and expected medians, we 
f i n d that they are quite close f o r Virgo, and therefore, the galaxy 
d i s t r i b u t i o n i n figure 7 i» not s i g n i f i c a n t l y clustered. For the Hydra 
data however the s i t u a t i o n i s affected strongly by the 5 galaxies at the 
same co-ordinates. 
The rati catalogue was- cheoked and t h i s seems to be a r e a l e f f e c t 
which i n i t s e l f i s of some i n t e r e s t . 
2.5 - Opik plots 
-22-
Unlike axis r a t i o s , l i t t l e i s known about possible s e l e c t i o n 
effects that might operate v/hen recording position angles; laboratory 
experiments l i k e those of HolmbergO^ZfS) would be most helpful. 
Opik once suggested(l970) that, one can combine the distributions of 
position angles and a x i a l r a t i o s to get a better picture of the 
dis t r i b u t i o n of angular momenta. Here we investigate t h i s p o s s i b i l i t y 
by means of a polar diagram. 
Opik (i;970) suggested two-dimensional s t a t i s t i c s i n polar 
coordinates, P(position angle) and R=(l-Sin i ) ^ (radius) with equal 
s o l i d angles represented by equal areas, i n the two-dimensional 
projection. 
According to figure 2 (chapter 1 ) , i i s the i n c l i n a t i o n and 
because of the f i n i t e thickness of a galaxy, we can substitute for 
Sin i , the apparent r a t i o of the axes (b/a), so that the polar 
coordinates become P and R=(l-b/a) 2 . 
Figure 9 represents such a polar histogram f o r a sample of 
galaxies i n Virgo. Note that a l l axis ratios below 0.55 are included, 
but that the quantization of b/a se r i o u s l y hampers the interpretation 
and use of the diagram. 
I t w i l l be r e c a l l e d that t h i s sample shows a marked, excess for ej?r->J>&0 
for b/a { 0.3 • The plot reveals however, l i t t l e evidence f o r a general 
clustering i n t h i s area on the two-dimensional plot. 
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2•6-_Conclusion__ 
Brown's investigation supports the view that there are 
' s i g n i f i c a n t departures from randomness i n the d i s t r i b u t i o n of 
position angles of galaxies i n different regions of the sky. As we 
have seen, Brown moved, galaxies to make the histogram smoother and 
found strong skew, distributions of position angles. Our s t a t i s t i c a l 
t e s t s (Chi-square and Autocorrelation) shoved that the smoothness i n 
Brown's histograms i s not s i g n i f i c a n t , though the smoothing has, i f 
anything weakened the significance as determined by t h e ^ - t e s t , . 
Among a l l of Brown's published histograms, there are two that 
show individual peaks s i g n i f i c a n t at l e v e l s above 4 6 , / . The t o t a l 
number of possible histograms i s however quite large because, of the 
various parameters Src«a had s i h i * disposal. 
We estimate the t o t a l number of bins as follows : 
6(regions) X 6(forms)X5(sizes) = 180 , 180 X 30(bins) = 5400 bins 
Therefore the probability of exceeding at 4 6" once would be : 
1 i n 1.600 / 5400 
or 
1, i n 2.96 
and f o r two peaks at 4 the probability i s : 
2 
1 i n (2.96) = 8.8 , which i s not very small. 
A c l o s e r investigation of these peaks and the galaxies within 
them has not, however, given any further evidence that the excess i s 
physioal. 
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CHAPTER 3 
ROE data 
3*1- Description of ROE data 
The data f o r t h i s chapter are taken from a photograph of a f i e l d 
near the south g a l a c t i c pole taken by the UK 48-inoh Schmidt Telesoope 
i n A u s t r a l i a on nitrogen s e n s i t i z e d Kodak I l l a J emulsion. Such photographs 
reach magnitudes B=23 i n exposures of one hour (Corben, et a l . 1974). 
I n an area of 2(degree) on t h i s plate, 3054 galaxy positions, diameters, 
forms and orientations have been measured by Professor V.C.Reddish. I n 
c 
high southern galaotic l a t i t u d e s -—'lO^faint galaxies are measured on a 
single plate covering an area of sky 40(arcdegree) (Dodd, et al .1975). 
Most galaxies are at distances of several thousand megaparsecs, and these 
galaxies probably have redshifts up to about Z ^-"0.5 . 
A l l measurements i n the ROE data have been quantized. The positions 
are given to the nearest 2 5 4 m (0.01 inch) and the axes to the nearest 
1 0 ^ m. 
The parameters of the photograph on which the measurements wore 
made, have been given by Dodd, et al . ( l975) are reproduced i n the 
table below : 
Table V 
Date : 1973 September 2-3 
Plate number : J - 149 
Size : 14 in.X 14 i n . 
Emulsion : . Eastman Kodak I l l a J , nitrogen s e n s i t i z e d . 
F i l t e r : Schott GG 395 
Exposure : - 1 2 0 min. 
Guiding : Photoelectrio 
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Plate centre (1973-5) HA 02 h i 1 - 2 m , 0 > D e c , _ 2 9° 54' 
Sky "brightness : B = 22.1 
Limiting magnitude : B ^ 23 
Plate scale : 67 arcsec. mm 
3.2- Frequency d i s t r i b u t i o n of orientation angles 
Of 305^  galaxies measured i n the ROE data, 854 have measurable 
e l l i p t i o i t i e s ( l - b / a ) and hence position angles. 
I t i s recognized that, insofar as these measurements (ROE) are 
concerned, several subjective e f f e c t s , i n p a r t i c u l a r s e l e c t i o n e f f e c t s 
of the type discussed by Opik (1969) and references therein, have 
most probably operated on the data. I t i s f e l t that investigations of 
th i s type, although subjective, are merited, e s p e c i a l l y i n view of the 
deeper penetration i n space of plates taken with the UK 48-inch-
Schmidt Telescope and the corresponding insight gained by approaches of 
th i s nature. 
For the 854 galaxies, which have measurable position angles, the 
ROE data gives the angle to the nearest 1° Figure 10 show the frequency 
di s t r i b u t i o n of position angles i n 1° bins. I t i s immediately apparent 
that there are large peaks at <p> - 0°and efi> =90°and that there are 
subsidiary peaks at multiples of 10°in <j6 . An explanation of t h i s i s 
that for the smaller or more nearly c i r c u l a r galaxies the error i n 
measuring «?f» i s much lar g e r than 1°and there i s a tendency to assign 
o * 
the value to the nearest multiple of 10 , th<.s tendency being l a r g e r 
for galaxies with near to 0°and 90° . To reduce t h i s e f f ect we 
have, i n figure 11 , replotted the same data regrouped into I0°bins 
centred on the multiples of 10°. The peak around 0°is no longer 
s i g n i f i c a n t but that around 90°remains. I t i s also apparent that there 
are considerably more galaxies with (j? 90° than with ^ 9 0 ° . That the 
observed d i s t r i b u t i o n d i f f e r s s i g n i f i c a n t l y from isotropy i s borne out by 
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2 
its^Cof 60.6 for 17 degrees of freedom (P(*><.2) <^ 10 - I f ) . 
Although we can think of no measuring biaases that would favour 
<p ^ 90°over cpy 90° there i s s t i l l the p o s s i b i l i t y that the peak 
around 90°is an a r t i f i c i a l i f there were a tendency to assign a of 
90°to small galaxies or those having very small e l l i p t i c i t i e s . To 
investigate this^the distributions of s i z e s and a x i a l r a t i o s of the 
galaxies i n the peak around 90°were compared with those for the complete 
sample of 854 galaxies. There was no excess of small or nearly c i r c u l a r 
galaxies i n the 90°peak. As a f i n a l t e s t the U(<£>) d i s t r i b u t i o n 
was found for the l a r g e r galaxies for which measuring error should be 
smaller . The dashed histogram i n figure 11 i s the d i s t r i b u t i o n for 
394 galaxies with 2a^> 110/i m'. This i s more uniform and the peak 
around 90°, although s t i l l present , i 3 hot s t a t i s t i c a l l y s i g n i f i c a n t . 
2 2 The y L against the hypothesis, of isotropy i s 14.1 ( P ( ^ C ) = 0.8 ) . 
20 . 40 60 80. . 100 120 140" 160 188 
T i g . 11- Frequency d i s t r i b u t i o n of p o s i t i o n angles f o r 
t o t a l 854 galaxies ( s o l i d l i n e s ) , and 2a ^ 110^ 
394 galaxies (dashed l i n e s ) , 
ra 
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3.3- Frequency dis t r i b u t i o n of difference between position angle of 
nearest neighbours 
The material presented i n t h i s section i s the observed histogram 
of the difference between orientation of nearest neighbour galaxies, on 
a UK 48-inch Schmidt Telescope plate. 
The motivation for the search of d i s t r i b u t i o n of orientations of 
neighbouring galaxies i s that galaxies i n any small region may have a 
preferred orientation, but that the preferred d i r e c t i o n varies i n a 
random way over scales l a r g e r than some coherence length or domain 
si z e (Howley, _et al.1975)« We can suppose that the angular momentum of 
in t e r n a l rotation of galaxies must add to'zero i n small regions. Henoe 
rctcitic:* zzzz z TTCulcL ~tGT»u. "to \j£> tui tip o r a l ! e l ouu -i-uiig tixwa p a r a l l e l . 
Also we can say that i f the coherence length were much smaller than the 
s i z e of our regions the ahisotropy would be averaged out. 
The r e l a t i v e orientation of the p a i r i s defined as the acute 
angle between position angles of nearest neighbours. We have counted 
o 
i n bins: of 10 for ROE data, and they are plotted i n the form of 
histogram i n figure 12. 
There i s a difference between our histogram and histogram of 
Dodd, et a l . (1975)» because Dodd, et a l . ignored any nearer galaxy 
with unknown position angle (Round galaxy) i n measuring the difference 
between position angles of nearest neighbours, whereas i n our plot of 
A <ft , i f the nearest neighbour to a galaxy with measured position 
angle i s one with unknown position angle, we ignored both of them. 
Accordingly the t o t a l number of A<f> values i s reduced from 854 to 181 . 
2 
I n the following, the normal observational parameter i s 
used as a t e s t of uniform frequency di s t r i b u t i o n , i e . , th v2 obs 
th 
i 
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where i \ i s the value from the observation and f? i s the mean 
number of galaxies per bin . 
2 
The observed distribution has =8.55 for 8 degrees of freedom. This 
2 
has a probability P(°)C ) =0.4 and i s t h i s consistent with a uniform 
distrib u t i o n . We note, that i n any case that part of the excess f o r 
the 0°to 10° and 80° to 90° ranges of A <p w i l l be due to the a r t i f i c i a l 
peaks at <j£> =0° and <p»SQ° that we noted i n the n(<fi ) d i s t r i b u t i o n . 
I 
rQ 0) 
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3.4- The clu s t e r i n g of galaxies 
a- General remarks 
The s p a t i a l d i s t r i b u t i o n of galaxies i s a problem of great 
i n t e r e s t i n cosmology and investigations are usually based on the 
following four main assumptions (Neyman and Scott, 1952) : 
1- Galaxies occur only i n c l u s t e r s . 
2- The number of galaxies v a r i e s from one c l u s t e r to another 
i n a manner subject to a definite p r o b a b i l i s t i c law, the same for a l l 
c l u s t e r s . 
3- The di s t r i b u t i o n of galaxies within a c l u s t e r i s random 
and i s subject to a p r o b a b i l i s t i c law which also is. the same for a l l 
4- The distr i b u t i o n of c l u s t e r centres i n space i s random. 
The tendency for galaxies to clus t e r i n g has been known for some 
time. Most bright galaxies e x i s t i n systems of pa i r s , t r i p l e t s or 
multiplets which are themselves usually subsystems of la r g e r groups 
or clouds of galaxies (de Vaucouleurs, 197"0« 
I n the published analysis of the di s t r i b u t i o n of galaxies i n 
the EOE data Dodd, et j a l . (1975) state that the r e s u l t s are consistent 
with the hypothesis that a l l galaxies are contained i n c l u s t e r s 
containing from 2-6 members, and also they found evidence f or small 
scale c l u s t e r i n g . 
Another recent analysis on the above data involves the angular 
covariance function f o r the di s t r i b u t i o n of the 3054 galaxies(Dodd, 
et al.1976). They found there i s clustering of galaxies present with 
a scale length of 3000^ /v.m on the plate corresponding, at the t y p i c a l 
distance of the galaxies, to a metric scale of 1 Mpo. Here we investigate 
these conclusions by comparing the observed frequency d i s t r i b u t i o n of 
angular separation of nearest neighbour of galaxies on the same data, 
with that expected f or a random distrib u t i o n . 
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b- Observed and expected frequency d i s t r i b u t i o n of angular 
separation of nearest neighbours 
Figure 13 ( s o l i d l i n e s ) shows the observed angular separation of 
nearest neighbour galaxies counting mutual separations twice. 
The expected d i s t r i b u t i o n of nearest neighbour separations for 
a random di s t r i b u t i o n of galaxies on the plate is; given by the dashed 
l i n e . I n c a l c u l a t i n g this^one has taken into account the quantization 
of positions, whereby the area of the plate i s divided into 2 5 4 m by 
2 5 4 m c e l l s and the position quoted i s the centre of the c e l l i n 
which the galaxy f a l l s . The probability d i s t r i b u t i o n of recorded 
separations has been calculated as described i n Appendix 1b and has 
been normalized to the t o t a l of 3054 galaxies. The recorded positions 
are plotted i n lOOy^m bins. One can see that the quantization e f f e c t i s 
very important for small separations-. The f i r s t three non-zero bins 
correspond to recorded separations of 0, 254 a**d 359^ »*.ni. 
c- Comparison and interpretation 
Figure 12 shows that the observed number of nearest neighbours 
with recorded separations of 254 and 359/*-m are s i g n i f i c a n t l y 
greater than those predicted . Correspondingly there i s a general 
deficiency of lar g e r separations. This confirms that the galaxies are 
non-randomly distributed i e . that there i s some cl u s t e r i n g . One can 
combine the r e s u l t of the nearest neighbour analysis with that of the 
covariance analysis, which gives a c l u s t e r diameter of '•^ -OOOOyu. m 
to get a rough estimate of the number of galaxies i n a c l u s t e r . Let us 
assume that the small separations are recorded almost e n t i r e l y by 
galaxies i n c l u s t e r s . To account for the excess of small separations 
the mean density of galaxies i n the c l u s t e r s must be greater than the 
over a l l mean density of galaxies on the plate. 
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I n p a r t i c u l a r the observed frequency of 254/«-m and 359y«-n: separations 
w i l l be reproduced i f the density of galaxies i n a c l u s t e r i s 0.06 per 
2 
254 X 254 yu-m c e l l compared with 0.03393 f o r the overall mean density. 
Multiplying the former density by the area of a 3000y^m diameter 
c l u s t e r gives an estimate of 6.5 galaxies per d u s t e r . 
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3.5 - D i s t r i b u t i o n o f a x i a l r a t i o s 
a- General remarks 
Assuming a random d i s t r i b u t i o n o f the t h ree dimensional 
o r i e n t a t i o n o f g a l a x i e s , i t i s p o s s i b l e f r o m the d i s t r i b u t i o n o f 
a x i a l r a t i o s t o f i n d the f r a c t i o n o f s p i r a l and e l l i p t i c a l ga lax ies . 
Th is i s o f i n t e r e s t s ince we have l i t t l e knowledge o f such a f r a c t i o n 
a t the epochs corresponding t o the data observed on deep p l a t e s . 
The galaxy c l a s s i f i c a t i o n systems which are c o n v e n t i o n a l l y 
used are based on the two-d imens iona l images o f ga lax ies and t h e r e f o r e 
do not neoes sa r i l y c h a r a c t e r i z e the t r u e th ree -d imens iona l f o r m o f 
the o b j e c t . There i s no easy way o f c o n s t r u c t i n g a t h r ee -d imens iona l 
model f r o m the two-dimensional p l a t e , bu t by u s i n g dynamical 
arguments, o r s t a t i s t i c s i t i s p o s s i b l e t o o b t a i n i n f o r m a t i o n on t r u e 
forms o f g a l a x i e s . For i n s t a n c e , an 30 ga laxy might be s p h e r i c a l o r i t 
might be a v e r y e c c e n t r i c e l l i p s o i d viewed f ace -on . E v e n t u a l l y , i t 
i s hoped t h a t exceedingly h i g h - p r e c i s i o n photometry might be able t o 
d i s t i n g u i s h between these p o s s i b i l i t i e s , b u t so f a r the d i s t r i b u t i o n 
o f o r i e n t a t i o n o f e l l i p t i c a l ga l ax ie s has on ly been a t t acked 
s t a t i s t i c a l l y . 
Model f o r t r u e d i s t r i b u t i o n o f a x i a l r a t i o s 
The f requency f u n c t i o n o f t r u e a x i a l r a t i o ( r Q = V a ) o f s p h e r o i d a l 
ga l ax ie s can be d e r i v e d e a s i l y f r o m the observed f r equency f u n c t i o n 
o f apparent a s i a l r a t i o s ( r = b / a ) under the assumption o f random 
o r i e n t a t i o n o f the s p i n axes. Th i s problem has been o f t e n t r e a t e d , 
ma in ly w i t h respect t o e l l i p t i c a l , l e n t i c u l a r and s p i r a l ga lax ies 
and most recent by Sandage et a l . ( 1 9 7 0 ) f r o m s t a t i s t i c s o f the BGC 
da ta (de Vaucouleurs , 1959 ) . I n t h i s s e c t i o n we reanalyze t h i s 
problem on the bas i s o f the expected f requency f u n c t i o n o f ax is r a t i o s 
w i t h semi-major ax i s between 1 0 0 / - m and 400/~m i n the ROE da ta . 
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Accord ing .to shapes g i v e n by Sandage e t a l . (1-970) , the f requency 
d i s t r i b u t i o n o f apparent a x i a l r a t i o s f o r s p i r a l s and SO types i s 
cen t r ed a t about r=0.25,&n& has s m a l l d i s p e r s i o n . A s i n g l e Gaussian 
w i t h r Q =0 . 25 and =0.06 i s used f o r b o t h the SO and SBO and the 
Sa, Sb,and Sc groups. The r e s u l t t h a t e l l i p t i c a l ga l ax i e s may not be 
u n i f o r m l y d i s t r i b u t e d i n r , bu t may have a peak near r=0 .6 i s o f 
some cosmogonic i n t e r e s t . A s i n g l e Gaussian w i t h r Q =0 .65 and ^ = 0 . 1 8 
i s used f o r e l l i p t i c a l g a l a x i e s . 
The r e l a t i v e abundances o f d i f f e r e n t types o f ga l ax ie s 
When ga lax ie s were f i r s t c a t a l o g u e d , i t was thought t h a t the 
s p i r a l s , were f a r more numerous t han any o f the o the r s , though some 
i n v e s t i g a t o r s b e l i e v e t h a t there are as many e l l i p t i c a l s as t h e r e are 
s p i r a l s . Hubble(l936) ob ta ined the accompanying t a b l e ( t a b l e V I ) o f 
• r e l a t i v e abundances o f d i f f e r e n t types o f g a l a x i e s . We must, however 
r e a l i z e t h a t i n t h i s s o r t o f f requency a n a l y s i s , s e l e c t i o n and sampling 
p l a y a v e r y impor t an t r o l e s ince we c l a s s i f y i n t o groups o n l y those 
ga lax ies whose s t r u c t u r e can be c l e a r l y r e s o l v e d , and these are 
g e n e r a l l y the ga l ax ie s w i t h l a r g e apparent d iameters . 
Table V I 
R e l a t i v e f requency o f g a l a c t i c types 
Type Frequency (per ' cen t ) 
EO - S7 17 
Sa, SBa 19 
Sb, SBb 25 
Sc, SBc 36 
I r r e g u l a r 2.5 
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A survey o f photographic p l a t e s o f e x t r a g a l a c t i c o b j e c t s shows t h a t 
the g r e a t e s t number o f images i s v e r y s m a l l o b j e c t s whose s t r u c t u r e s 
can not be d i sce rned w i t h s u f f i c i e n t accuracy t o a l low c l a s s i f i c a t i o n . 
Hubble(1926) i n h i s ana lys i s used o n l y the v e r y b r i g h t e s t ga l ax i e s 
l i s t e d i n the cata logue o f Shapley and Ames, so t h a t no ques t ion 
c o u l d a r i s e as t o the c l a s s i f i c a t i o n o f these g a l a x i e s . We must 
t h e r e f o r e expect t o f i n d s t r ong depar ture f r o m these abundances i n 
l o c a l samplings, and, indeed, we know t h a t i n many c l u s t e r s o f 
ga lax ies the number o f e l l i p t i c a l s . i s g r e a t e r t han t h a t o f s p i r a l s . 
W i t h i n our own L o c a l group o f ga l ax i e s c o n s i s t i n g o f 17 i n d i v i d u a l 
members, t he re are p robab ly nine e l l i p t i c a l s . 
Accord ing t o deV&ucouleurs (t963), f o r m (12 .7 t he p r o p o r t i o n 
o f ga l ax ie s i n each c lass i s approx imate ly as f o l l o w s : 
E 13 ?5 
SO 21. % 
S \ . 6 1 * 
S B , 
I r r . 2.5 % 
U n c e r t a i n 2 % 
I f we add SO,. S, and SB toge the r and ignore the Other c lasses we 
would have : 
E l l i p t i c a l s 1,4 
S p i r a l s 86 % 
Van den Berg ( l 975 ) ob ta ined another f requency o f c l a s s i f i c a t i o n 
as t a b l e V I I . 
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Table V I I 
R e l a t i v a f r equency o f c l a s s i f i c a t i o n o f 
ga lax ies 
Type Percentage 
E+SO 22.9 
Sa 7.7 
Sb 27.5 
Sc 27.3 
I r r . 2 . 1 
i i2.5 
He does not separate the E and SO g a l a x i e s . I n the Reference 
Catalogue o f B r i g h t Galaxies (de Vaucouleurs^et al.'1964) t h e t o t a l 
numbers o f E and SO ga lax ie s w i t h measured r e d s h i f t s are . 177 
and 174 r e s p e c t i v e l y . I n the above t a b l e we t h e r e f o r e take i t 
t h a t these should, be .11.5- $ f o r E .only . 
Adding SO i n t o Sa+Sb+Sc and o m i t t i n g t h e I r r . and 1 Others* we 
o b t a i n : 
E l l i p t i c a l s 15 % 
S p i r a l s 85 % 
which i s clos;e t o t h a t o f deVaucouleurs. 
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Remarks on s e l e c t i o n e f f e c t s aiid t h e i r c o r r e c t i o n s 
The d i s c o v e r i n g o f ga lax ies i s s eve re ly l i m i t e d by o b s e r v a t i o n a l 
s e l e c t i o n o f su r face b r igh tness and apparent d iameters . Galaxies 
having an average su r f ace l u m i n o s i t y l e s s t h a n ^ / ^ = 2 7 m a g . ( a r c s e c - 2 ) 
are not o p t i c a l l y de teotabla by present t echn iques . G-alaxies hav ing 
i i 
an apparent diameter less than are no t r e a d i l y d i s t i n g u i s h a b l e 
f r o m s t a r s w i t h c u r r e n t ins t ruments (de V a u c o u l e u r S j ^ i , . ) . I t i s 
p robab ly not by acc iden t t h a t the average su r f ace b r igh tnes s o f the 
s o - c a l l e d ' n o r m a l ' g a l a x i e s i s o n l y s l i g h t l y above t h a t o f the n i g h t • 
sky(de Vaucouleurs , 1957 ) • 
F u r t h e r s e l e c t i o n e f f e c t s a r i s e i n the f o r m a t i o n o f ca ta logues . 
As we know, the s e l e c t i o n e f f e c t s are d i f f e r e n t f o r s p i r a l s and 
e l l i p t i c a l s . Reinhardt(1972) has g i v e n the f o l l o w i n g f o r m u l a f o r 
c o r r e c t i o n o f s e l e c t i o n e f f e c t s known t o operate on a x i a l r a t i o 
measurements. 
1 - C o r r e c t i o n f o r f i r s t Holmberg e f f e c t : 
0.745 
( ^ c o r r e c t e d = ( b / a > a p p a r e n t P o r ^ P ^ ^ 
0.812 
( b / a ) c o r r e c t e d = ^ a p p a r e n t F ° r 
I n ROE data we used t h e average powers o f above f o r m u l a , because we are 
not able t o d i s t i n g u i s h between s p i r a l s and e l l i p t i c a l s , t h a t i s : 
0.778 
(b /a ) . , = ( b / a ) + ^ ' ' c o r r e c t e d w ' apparent 
2 - Co r r ec t i ons f o r second Holmberg e f f e c t and Opik e f f e c t : 
D ( r ) = D ( I ) r - ° ' 1 6 9 x ^ For S p i r a l s ^ ' a p p a r e n t v 1 c o r r e c t e d r r _ ( f c / a ) 
D ( r } = D ( I ) r " 0 , 2 9 6 ^ - For E l l i p t i c a l s K ' apparen t v ' c o r r e c t e d * 
where D ( r ) i s the maximum diameter (apparent ) and D ( l ) i s a c o r r e c t e d 
" f ace on " maximum diameter . 
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b - Observed and expected f requency d i s t r i b u t i o n o f ax i s r a t i o s 
F igure 14 shows the his togram o f a x i a l r a t i o s f o r 3054 g a l a x i e s . I n 
t h i s h is togram we see 2221 ga lax ies w i t h b / a = 1 . This i s ma in ly 
because o f l a r g e q u a n t i z a t i o n e f f e c t s i n the measurements. 
The sma l l e s t n o n - s t e l l a r images measured have diameters 2a = 50/- m 
(3.3 arc sec) . Above t h i s^va lue s o f 2a and 2b are g iven t o the neares t 
I0y*.m. The lower l i m i t t o 2b i s a lso 50/~m. Thus a l l ga lax ies w i t h 
2a = 50/*m w i l l have a recorded a x i a l r a t i o b / a = 1 w h i l e those w i t h 
2a = 60/wm w i l l be d i v i d e d between b / a =1 and b / a =0.83 so on . 
The e f f e c t o f the seeing d i sc o f 30/wm(2 arc sec)diameter a l so has t o 
be cons idered . I t can be approximate ly accounted f o r by s u b t r a c t i n g 
30^, m f r o m the measured values o f 2a and 2b c I t i s apparent t h a t f o r 
the s m a l l e r ga l ax ie s which dominate the da ta the q u a n t i z a t i o n e f f e c t s 
and the c o r r e c t i o n f o r seeing are ° f overwhelming importance and i t 
i s d o u b t f u l whether any u s e f u l i n f o r m a t i o n on the i n t r i n s i c forms 
o f ga lax ies can be ob ta ined f rom the o v e r a l l d i s t r i b u t i o n o f a x i a l 
r a t i o s . Hence-we r e s t r i c t the range o f ma jo r ax i s i n the observed 
h is togram o f a x i a l r a t i o s t o those between I00,<t m^2a ^ 400yt*m . 
Figure 15 shows the f requency d i s t r i b u t i o n o f a x i a l r a t i o s f o r the 
779 ga lax ies w i t h major ax i s i n . t h e above range. As the c o r r e c t i o n f o r 
seeing i s o f .less importance f o r these ga lax ies we i n i t i a l l y ignore 
i t . I t i s cons idered a t the end o f t h i s s e c t i o n . 
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For i n t e r p r e t i n g o f the observed h i s togram, we p l o t f i r s t o f a l l the 
expected f requency f u n c t i o n ( i . e . d i f f e r e n t i a l d i s t r i b u t i o n ) o f a x i a l 
r a t i o s , o f g a l a x i e s , w i t h o u t u s ing c o r r e c t i o n s f o r the Holmberg and 
Opik e f f e c t s (chap te r one ) , t h a t i s ; 
where r =B/a i s t r u e ax i s r a t i o ( f o r f u r t h e r d e t a i l s about f requency 
q u a n t i z a t i o n n a s t e e n a l lowed f o r . 
F igure 16 shows t h i s expected d i s t r i b u t i o n o f a x i a l r a t i o s f o r 
f o u r d i f f e r e n t values o f r Q . I n these h is tograms, the e f f e c t s o f 
q u a n t i z a t i o n can be c l e a r l y seen. 
for each major ax i s va lue the p r e d i c t e d number o f ga l ax ie s w i t h 
2b ^50y«-m have been summed . This g ives a peak i n the d i s t r i b u t i o n 
a t b / a = 0.5 f o r those ga lax ie s w i t h 2a = 100/wm . Since ga l ax i e s o f 
t h i s s i z e g i v e the l a r g e s t s i n g l e c o n t r i b u t i o n t o the t o t a l the re i s 
a peak a t b / a = 0.5 i n the o v e r a l l d i s t r i b u t i o n s t h a t have r = l / a / 0. 
f ( r ) = r [ ( r 2 - r 2 ) ( l - r 2 ) J 
f u n c t i o n and f requency d i s t r i b u t i o n equa t ions , see appendix 2 ) . The 
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Now t o account f o r the s e l e c t i o n e f f e c t discussed i n chapter 
one, we must m u l t i p l y the f requency f u n c t i o n by a s e l e c t i o n f u n c t i o n 
S ( r ) . For the second Holmberg e f f e c t and the Opik e f f e c t , we are 
e f f e c t i v e l y c o n s i d e r i n g d i f f e r e n t volumes f o r d i f f e r e n t a x i a l r a t i o s 
w i t h the same l i m i t i n g angular d iameter . Assuming a constant space 
d e n s i t y the number o f ga lax ies e n t e r i n g the catalogue w i l l be 
p r o p o r t i o n a l t o the r e spec t i ve volumes, i e . , t o Q ) ( r ) / D ( l ) J , 
t h e r e f o r e t h i s g ives us w i t h the Holmberg c o r r e c t i o n (Re inhard t , 
1972) ; 
S ( r ) = ( r - 0 - 3 3 6 ) 3 W p - 1 . 0 l 
o r 
S ( r ) < ^ r 
hence f rom above : 
-1 
f ( r ) = [ ( r 2 - r Q 2 ) 0 - r 2 ) J * X cons t . 
I f we i n t e g r a t e between r and r Q , we f i n d the normal ized d i s t r i b u t i o n 
f u n c t i o n as. f o l l o w s : 
f 
F ( r ) = [ ( r 2 - r 2 ) ( l i - r 2 ) J 2 X c o n s t . , d r 
r o 
F ( r ) = Log ( r + ( r 2 - r 2 ) * / * 0 ) / Log ( i - 0 - r 2 ) * / r Q ) 
I n f i g u r e 17, we have p l o t t e d the expected d i s t r i b u t i o n f u n c t i o n 
o f a x i a l r a t i o s a l l o w i n g f o r the above s e l e c t i o n e f f e c t s , f o r the f o u r 
d i f f e r e n t values o f r Q . I n these histograms we see the main e f f e c t 
o f t he c o r r e c t i o n s i s t o s h i f t the numbers t o sma l l e r b / a . 
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F r a c t i o n o f e l l i p t i c a l and s p i r a l ga l ax ie s i n the ROS data 
By w e i g h t i n g the prev ious histograms according t o d i s t r i b u t i o n 
o f t r u e a x i a l r a t i o s f o r e l l i p t i c a l and s p i r a l ga lax ies g iven by 
Sandage _et a l . ( l 9 7 0 ) , we p l o t expected histograms f o r s p i r a l s and 
e l l i p t i c a l s s e p a r a t e l y . F igure 18 shows the observed f requency 
d i s t r i b u t i o n (lOOyU m ^ a 4^00yu.m ) t o g e t h e r w i t h the expected f requency 
d i s t r i b u t i o n o f e l l i p t i c a l s and s p i r a l s . Accord ing t o f i g u r e 18, i f 
we compare observed f requency d i s t r i b u t i o n o f a x i a l r a t i o s w i t h t he 
expected f requency d i s t r i b u t i o n o f s p i r a l s and e l l i p t i c a l s , we s t i l l 
f i n d t h a t t he re are too many g a l a x i e s w i t h a x i a l r a t i o s o f one. This 
i s matched by a d e f i c i e n c y i n the range 0 . 8 ^ r = b / a ^ i which suggests 
+.h*+. t he re "i-s a tendency f o r n a & r l y c i r c u l a r images t o be g iven an 
a x i a l r a t i o o f one. There i s a l so the p o s s i b i l i t y t h a t the re i s a 
r e s i d u a l con tamina t ion o f the data by s t a r s v/hich w i l l a l l have r =1. 
We t h e r e f o r e ignore the ga lax ie s w i t h r =1 i n comparing p r e d i c t e d and 
observed d i s t r i b u t i o n s . 
We performed a ch i - square t e s t on the observed and expected 
f requency f u n c t i o n s as f o l l o w s , 
I f we suppose t h a t G i s the f r a c t i o n o f ga lax ies which are s p i r a l and 
i s the f r a c t i o n o f ga l ax ie s which are e l l i p t i c a l , the expected 
f requency f u n c t i o n f o r s p i r a l s and e l l i p t i c a l s t oge the r i s : 
f e x P * = & ... f s ( r ) + ( l - & ) . f E ( r ) 
where f g ( r ) i s the expected number o f s p i r a l ga lax ies i n each b i n o f 
r and f g ( r ) i s the same f o r e l l i p t i c a l s . The re fo re , we have: 
= 7 ^ ( f ° b s * . f e x p - ) 2 / f e x p » 
and we minimise ^ t o f i n d the best f i t va lue o f &. 
p 
We f i n d a minimum va lue f o r » ^ o f 126.84 f o r &=0.30 . Th i s va lue o f 
w i t h 19 degrees o f freedom i s much t o o l a r g e f o r the f i t t o have 
U L ~ L T ^ 1 j 
ELLIPTICAL 
120 -
r 
0.8 b /a 
OBSERVED 
180--
Ion 
0.0 0.2 O.lf. 0'.6 0 .8 b / a 
F i g . 18- (a ) The observed1 f requency d i s t r i b u t i o n o f a x i a l r a t i o s . 
(b) The expected f requency d i s t r i b u t i o n o f a x i a l r a t i o s f o r 
e l l i p t i c a l s . ( c ) The expected f requency distribution o f 
a x i a l r a t i o s f o r s p i r a l s . 
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any meaning . This i s o b v i o u s l y a poor f i t because the p r e d i c t e d 
f r equency f u n c t i o n o f s p i r a l g a l a x i e s ( i n f i g u r e 18) i s q u i t e d i f f e r e n t 
f r o m the observed f u n c t i o n , m a i n l y because o f the l a r g e peak a t 
r = 0 .5 . This, peak i s l a r g e l y due t o the ga lax ies w i t h 2a = lOO^m 
f o r which the minimum b / a = 0 . 5 . The seeing d isc c o r r e c t i o n o f 30 /wm 
i s s t i l l impor t an t f o r ga lax ies o f t h i s d iameter . As a f i n a l c o r r e c t i o n 
we take t h i s i n t o account. F o l l o w i n g Dodd e t a l . ( l 975) 30 /r-m i s 
sub t rac t ed f r o m the ma jo r and minor diameters o f a l l g a l a x i e s . The 
observed f requency d i s t r i b u t i o n o f c o r r e c t e d b / a i s shown i n f i g u r e 19 
f o r the 339 ga lax ies having c o r r e c t e d major diameters between 10 /**m 
and 40y^-m.Again an at tempt was made t o f i n d the best va lue o f G> the 
f r a c t i o n o f s p i r a l ga lax ies i n t h e sample, us ing t h e p r e d i c t e d b / a 
«Iio l i d b u t i o i i x'or- spix-ala and e l l i p t i c a l s o f f i g u r e 13 . I t i s obvious 
t h a t no value o f & w i l l g ive a f i t t o the observed d i s t r i b u t i o n f o r 
r ^> 0.9 . As i t seems l i k e l y t h a t most ga lax ies w i t h 0.9 ^ r ^ 1 
have been recorded as r =1 we f i t o n l y t o the observat ions f o r r ^ O.85 
The best f i t va lue o f & i s 0.83 and the p r e d i c t e d d i s t r i b u t i o n , 
f o r t h i s , normal ized t o the t o t a l observed number w i t h r ^ O . 8 5 , i s 
a l so shown i n f i g u r e 19 . I t i s i n t e r e s t i n g t h a t w i t h t h i s n o r m a l i s a t i o n 
the p r e d i c t e d t o t a l f o r r ^ 0.85 i s 41 w h i l e the observed t o t a l i s 
43. Thus the observed excess a t r =1 can be accounted f o r by the 
d e f i c i t o f n e a r l y c i r c u l a r ga l ax i e s and no r e a l excess o f r = 1 
ga lax ie s i s i n d i c a t e d . 
2 
The best f i t o f p r e d i c t e d t o observed numbers has ^C. =48*5 f o r 
15 degrees o f f reedom. This i s b e t t e r than the previous case b u t the 
2 
l a r g e ^ s t i l l ^casts doubt on the va lue * o f G ob t a ined . The wors t 
d iscrepancy i s f o r 0 .5 N<^ r ^ 0 . 6 . 
I t i s pos s ib l e t h a t i n p r a c t i c e the lower l i m i t on the measured values 
o f 2b i s no t so c l e a r C u i ; has been assumed i n d e r i v i n g the p r e d i c t e d 
curves . Th is would widen the peak i n the p r e d i c t e d d i s t r i b u t i o n . 
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We conclude that the distribution of observed axial ratios for 
galaxies with corrected major diameters ^ lOO^m i s consistent with 
that predicted assuming the normal mixture of spirals and e l l i p t i c a l s . 
A stronger statement can not be made because of the necessity of 
invoking plausible but unsubstantiated biasses i n the measurements 
to account for discrepancies. 
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3.6- Conclusions 
The results of the present investigation are brought together 
in the following summary. The main conclusions relate to four points : 
(a) the distribution of position angles, (b) frequency distribution 
of differences between the position angle of each galaxy and i t s 
nearest neighbour, (c) clustering , (d) the distribution of axial 
rat ios . 
a- The observed anisotropy in the distribution of N(<^ >) with a . 
peak around <fc =90° i s significant only for the galaxies with smaller 
angular s izes . This can be either a real effect for the more distant 
galaxies in this region of the sky or could be due to some undetsrmina 
biaccsc in posiLion angle measurements of the smaller images. 
2 
b- The normal observational ys. parameter- showed that the 
observed frequency distribution of difference between position angles 
of nearest neighbours in the ROE data.;is consistent with a uniform 
distribution . The excess for the 0° to 10° and 80°to 90° ranges of 
A ^ ( f i g u r e 12) i s due to the a r t i f i c i a l peaks at<^>=0° and <^ =90°. 
c- The results from measurements _on_dis_tant galaxies, are 
important for the extension of quantitative investigations of these 
objects out to very great distances, Z / ^ 0 . 5 • Comparing the observed 
frequency distribution of angular separations of nearest neighbour of 
galaxies with that expected for a random distribution, we see that 
the galaxies are non-randomly distributed, that is ,there i s 
evidence for significant clustering. The covariance analysis gives a 
value for the angular extent of the clusters which allows us to obtain 
an approximate estimate of 6.5 galaxies per cluster. This number 
of galaxies in a cluster i s consistent with Dodd.et a l . (1975)» who 
using a different approach to the same data, found between 2 and 6 
galaxies per cluster. 
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d- Prom the observed frequency distribution of axial ratios , we 
found out that there are large quantization effects i n the axes 
measurements. 
We do not believe that information on in tr ins ic forms of galaxies 
can be obtained from the axial ratio distribution of a l l 3054 galaxies 
since the data are dominated by the smaller galaxie-s for which the 
quantization effects are ovenThslming . I f one selects only those 
galaxies with corrected diameters ^ 10(y»m (7 arc sec) and corrects 
for the Holmberg and Opik effects a ratio of spirals to e l l ip t i ca l s 
i s indicated which i s consistent with that obtained by de Vaucouleurs 
and Van den Berg for bright galaxies (section 3.5 a ) • For these 
galaxies there i s no real excess at r =1 . We regard the conclusion 
of Dodd et al.(1975) that the peak at r =1 for the smaller galaxies 
indicates the presence of substantial numbers of spherical and 
el l ipsoidal galaxies as questionable. The poss ibi l i ty that i t i s solely 
due to quantization and selection effects in the measurements can not 
be ruled out. 
The huge quantities of data involved make manual measurements 
out of the question from a pract ical view, not to mention bias 
through severe physiological , subjective and selective effects 
(Holmberg,1946; Opik, 1969) . I t was necessary, therefore, to 
develope a high-speed machine capable of performing, objectively and 
accurately , the measurements of the properties (positions, s izes , etc .) 
of the very large numbers of faint images recorded on the photographs. 
Therefore, we: turn our attention to the. COSMOS machine in the next 
ohapter. 
CHAPTER 4 
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COSMOS MTA 
4.1- General remarks 
A preliminary analysis of the properties of faint galaxies 
recorded on the plates taken with the UK 48-inch Schmidt Telescope . 
has already been discussed (chapter 3 ) . Such visual measurements 
of images may, however, be subject to severe subjective effects 
(Holmberg,1946; Opik, 1969), are extremely tedious and considerably 
time consuming. For these reasons, the COSMOS machine was constructed 
at the Royal Observatory Edinburgh with the capability of carrying 
out large numbers of measurements of the type useful in cosmological 
ioUJio^ (pOijitioi'.w, zLzzz} 'tTCjr.z^Lzzz.zr.j orienteticne shapes), 
objectively, accurately and at high speed. The combination of good 
quality, deep plates from the UK Schmidt Telescope and automatic 
measures from COSKOS provides a powerful system for carrying out 
objective measurements in cosmology. 
I t i s the purpose of this chapter to describe the distribution 
of axial ratios of galaxies and also the distribution of separations 
between each galaxy and i t s nearest neighbour from the COSMOS . 
computer output. I n forthcoming pages, results obtained with the 
technique w i l l be presented. 
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4.2- The COSMOS automatic, piate-measuring machine 
COSMOS i s capable of precision measurement of Co-ordinates, 
j i izes, Magnitudes, Orientations and _Shapes of images of 3tars and 
galaxies at rates of up to 4000 images per second . The measurements 
are recorded on magnetic tape, which are analysed on the ICL 1906A 
computer at the Atlas computing laboratory. 
There are three modes of operation; coarse, mapping and f i n e . 
:.o'. a.' 
1. Coarse measurements 
This i s a raster scan in increments of about 8/*m(Pratt t et a l . 
1975)in which an a r t i f i c i a l threshold can be incorporated* This 
enables the selection of objects greater than a certain surface 
brightness, and within the resolution i t i s possible to get rough 
areas and shapes. An important aspect of the coarse mode i s the 
separation of stars and galaxies by means of a magnitude-area 
relation which stars obey and galaxies do not. I t i s therefore 
essential to use the coarse mode f i r s t when studying, galaxies.to 
avoid wasting time in the fine mode.(.see l a t e r ) . 
The f ina l results for the objects, of interest are coordinates 
to + 4y*.m, and rough values for the areas and shapes. Typically the 
6 
machine scans i n coarse mode at 10 images/hour . 
2. Mapping mode 
This is. the same type of scan as that in coarse measurement, 
but the output consists of a measure of the transmission to an 
accuracy of tfo at every 8/*.m increment. This mode allows the detailed 
examination by off l ine computer analysis of areas of doubt or 
complexity such as bridges betv/een galaxies or galaxies with 
complex structure . . . 
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3.Fine mode 
This gives more precise values. When operational, i t w i l l give 
coordinates + 0.5/* m, magnitudes to 0.016 and orientations to + 3° . 
To obtain shapes and orientations the image i s sampled in 1024 concentric 
el l ipses of varing inclinations and e l l ip t i o i t i e s . Iterating on 
harmonic signals produced by the various shells gives the result . The 
speed here i s about 10^elongated images per hour. Fine measurement 
produces the type of information useful in the study of the properties 
of faint galaxy images (positions, s izes , shapes and orientations); i t 
has been seen, however, that this mode of measurement i s rather slow, 
a good deal slower than coarse measurement. 
4 .3- Description of COSMOS data 
Galaxies are identifiable visual ly from stars on photographic 
plates by their generally tenuous appearance, odd shape and or low 
surface brightness. These qualities distinguishing galaxy images may 
similarly be used by the computer for separating the two types from 
COSMOS data (MacGillivray, et a l . 1_976) . 
In coarse measurement mode of operation, the parameters obtained 
from the machine for each image (as our data) are the rectangular 
coordinates (X and Y with arbitrary zero point), the extents in the 
X and Y directions ( in 8^m increments), the area ( in 8,*. m X 8^m 
squares) detected above the threshold, and a measure for the minimum 
transmission (T . ) within the image on a scale from 1 to 128 with x mm 
the darker parts having lower values. In this work, we selected only 
the rectangular coordinates, the extent in the rectangular coordinates, 
and the area for diameters greater than 100^-m. These quantities are 
sufficient for a crude examination of the distribution of ax ia l ratios 
of the images of galaxies and clustering. 
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4.4- Axis ratios and position angles from COSMOS data 
From coarse mode data on extents, dX and dY, .and image area in 
increments. A, we are interested in determining the distributions of 
b / a and for various galaxies. 
Getting the apparent axis ratio t /a from dX, dY and A should 
be quite simple i f the image i s truly e l l i p t i c a l . For convenience 
we l i s t three possible situations, which we code 1-3 • By defining 
the area ratio as : 
AR = 6 1 - d Y 
we consider these codes as follows: 
Code 1- AR=1.00 ; x u • . „ . j -x • ' the image i s a perfect rectangle, and i t i s 
c lear ly not an e l l ipse . I'htu-efore awcordiiig io cod^ cLcfinc 
the angular diameter ( Q =2a) and b/a as : 
Q =2a = Maximum of (dX,dY) 
b/a= ItLnimum of (dX,dY)/ltaximum(dX,dY) 
Code 2- l.00<^AR^4/t : x u • x n • x- -i -U x — - - - - - ' the image can not be e l l i p t i c a l , but 
we repeat the above analysis. I t i s not rectangular however. 
Code 3- AR^> 4/rt ; . . .' , • n • x- - i - - — - — - - t y — m this case, the image can be e l l i p t i c a l 
and our equations(see appendix 3) do permit us to f i t an e l l ipse to 
the data. 
From appendix 3 WQ nave : 
Z-(Z-4AAj ) 
b/a 2 
and Cos <jfc> = 
Z - b 
2 . .2 -i£ 
r 
2 . 2V J 
dX - 4b 
4(a -b ) 
where, - 2 2 r 2 2 T 
4 
and i s the position angle of images. 
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In COSMOS data, we sometimes encountered images for which 
AH ^ 1 , these are termed "mistakes" . We ignored them in our 
consideration. 
4.5- Quantization effect in the COSMOS data 
This effect i s present in the COSMOS data, that i s both position 
(X and Y) and axes (a and b) are given to the nearest 8y«~ m, but this 
effect should generally vanish as diameter increases. 
-50-
4.6- True values of a, b/a and<^ t> by COSMOS data and formula 
We need to investigate how accurately the COSMOS data (dX, dY 
and A ) and formula (in appendix 3) can reproduce the true values of 
major axis (a) , axial ratio(b/a) and position angle(<=}3 ) . We can say 
that this w i l l depend upon : 
1. The true value of a (computations show that for larger a 
the calculated values w i l l become more accurate). 
2. The true value of position angle ( ) . 
3. The true value of axial ratio (b/a). 
4. The position of the centre of the galaxy with respect to the 
grid. 
A square grid representing the 8/wm X 8/- m grid of COSMOS was 
taken and overlays of el l ipses with semi-major axes scaled to 
represent a=25y^m, 5Cyi~ m and 100/- m and with 5 values of axial 
ratio b/a were superimposed. The position angles of the ell ipses 
and the positions of the centres of the ell ipses relative to the 
grid were varied. For each position angle and position of centre 
the corresponding values of A x , A y and A were determined. The 
formula of section 4.4 were then used to obtain calculated values 
of a, b/a and cf? to compare with the true values. 
Table VTI gives the results for a = 5 0 m and the ell ipses centred 
on a vertex of the grid (position 1) . 
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Table V I I I 
Calculated values o f a, b/a and cf> by using true values o f a, 
b/a, cp> and measured values-of A x , A y and A . 
True .values Measu ired values 
Code 
Calci flated j ralues 
b/a A X A y ! A a b/a 
0.1 
0 2 8 16 1 32.00 0.25 0.25 
10 2 10 12 3 40.34 0.15 7.52 
20 4 10 12 3 42.70 0.13 20.68 
30 6 10 14 3 46.14 0.13 30.41 
40 8 10 16 50.82 0.13 3a.45 
45 8 8 8 3 45.11 0.08 45.00 
0.3 
0 4 12 40 2 48 0.33 0.00 
10 4 12 38 2 48 0.33 0.00 
20 6 12 40 3 51.26 0.31 21.65 
30 8 10 36 3 48.99 0.31 37.32 
40 8 10 36 3 48.99 0.31 37.32 
45 10 10 38 3 57.77 0.26 45.00 
0.5 . 
0 6 12 64 2 48 0.5 0.00 
10 6 12 62 2 48 0.5 0.00 
20 8 12 64 3 51.94 0.48 25.88 
30 8 1.2 62 3 52.41 0.46 26.89 , 
40 10 10 62 3 50.82 0.49 45.00 
45 10 10 64 3 50.27. 0.52 45.00 
0.7 
0 8 12 84 2 48 0.67 0.00 
10 10 12 86 3 53.04 0.62 32.93 
20 10 12 90 3 51.20 0.70 29.15 
30 10 12 90 3 51.20 0.70 29.15 
40 10 12 86 3 53.04 0.62 32.93 
45 10 10 82 2 40 '1.00 90.00 
1.0 0 12 10- 120 2 48 1.00 90. OO1 
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Prom the table i t can be seen that except for two cases the 
calculated a i s within 1Cy* m of the true value of 50yt m and the 
calculated b/a i s within 0.1 of the true value. Similar results were 
obtained for ell ipses centred on the mid point between two vertexes of 
the grid(position 2) and the mid point of a grid square (position 3 ) . 
For position 2 no calculated values of a_ and b/a lay outside the 
above l imits while for position 3 there were again 2 cases outside 
these l imi t s . In general i t can be said that i f the galaxy images 
are indeed el l ipses the COSMOS coarse mode measurements ofAx,£»-y 
and A should allow the axial ratios of galaxies with a ^50/Um to be 
determined with suff ic ient precision to jus t i fy a study of their 
distribution . On the other hand, i t can be seen that errors, 
in the determination of the position angles^? are large. There i s 
also an ambiguity i n the sign of cp> . We conclude that coarse mode 
measurements can not be used for position angle measurements. 
For a = 2 5 m the calculated values of a d i f fer by up to 15^ , m 
while the discrepancy between true and calculated b/a may reach 0.3 • 
For a=l00/wm a l l calculated values are within and b/a are 
within 0.05 of the true value. 
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4.7- Observed and expected distributions of axial ratios 
For the galaxies recorded by COSMOS in an area 7.37 cm X 7.37 cm 
(1.37 X 1.37 )on plate R1049 the values: of 2a and b/a were calculated 
from the data on extents and image areas. We then selected 936 
galaxies with diameters 2a y lOOyw m . The quantization effects 
should be negligible for auoh images. 
Using the frequency distributions of true axial ratios for 
e l l i p t i c a l s and spirals (Sandage, e t ' a l . 1'970) we can calculate the 
corresponding frequency distributions of apparent axial racbios(b/a). 
Figure 20 shows these distributions, each normalised to a total of 
936, together with the frequency distribution of COSMOS ax ia l ratios. 
(For brevity we shal l refer to the values of b/a calculated by us 
from the extents; and image areas measured by COSMOS as 'COSMOS axial 
rat ios 1 . We recognize that there w i l l be errors in b/a for any images 
that are not f i l l e d e l l ipses ) . 
2 
Without the need to calculate i t can be seen immediately 
that there i s no mixture of e l l i p t i c a l s and spirals that w i l l give 
a f i t to the distribution of COSMOS ax ia l ratios. The la t t er shows a 
strong peak at around b/a =0.5 and very few near c ircular galaxies. 
The parameters of the 
Date : 
Plate number : 
Emulsion : 
F i l t e r : 
Exposure : 
Plate Centpe(1973-5): 
Plate Scale : 
are as follows : 
1974 December 8 
R1049 
Eastman Kodak 098 
Schott RG 630 
60 min 
BA 02 h 42° , Dec -29° 54' 
67 arcsec. ram. 
N 
280 
260 
240 
220 
200 
180 
160 
140 
120 
100 
80 
60 
40 
20 
COSMOS 
" Ell iptical(expected) 
Spiral(expected) 
r>—'• 
r 
- J 
0.0 
Fig.20 
0.2 0.4 0.6 0.8 1.0 
b/a 
Comparison of the distribution of COSMOS ax ia l ratios 
for 936 galaxies with 2a^100(/s.m with the expected 
distributions for spirals and e l l i p t i c a l s . 
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4.8- Optical verif icat ion of COSMOS data 
As we were unable to explain the observed histogram of COSMOS 
axial ratios with any mixture of spirals and e l l i p t i c a l s we checked 
similar distributions for stars to ensure the data and reduction 
techniques were correct . 
According to section (4 .4 ) , for our convenience we l i s ted three 
possible situations, which we coded 1-3 . The oomputer program was run 
for stars on the tapes for J149,R1049 and J1916 plates. The results 
have been given as follows ( E l l i s , private communication) • 
Distributions of ax ia l ratios for stars also show. a. marked 
absence of c ircular stars , and an overwhelming preference for objects 
with b/a S&0.5 • This, i s observed for large (2a y lOO^m) and small 
(2a <^100y*-n) stars on a l l 3 plates. 
The f i r s t possible reason, namely diffraction spikes (which increase 
the extents considerably, but not the area) i s discounted by several 
results : 
1') Small stars, do not have spikes. 
2) The effect would depend on size and brightness of the star. 
There i s no correlation with size or minimum transmission. 
3) Extent (dX,dY)ratios should be more or less 1 and there 
should be l i t t l e difference between dX/dY and dY/dX, yet th is i s not 
so . 
The extent ratios are in fact interesting. On a l l three plates 
for both sizes there are at least twice as many star images elongated 
in the X direction. Physically this can not be explained. 
The second possible interpretation of these curious results i s 
that the extents and areas are affected by the 8ju..m COSMOS 
quantization . 
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Kowever above 2 a 5 0 / u m this has v ir tual ly no effect on b/a or 
dX/dY. In fact this explanation can clearly be discounted since 
the effect would decrease with increasing size and i t does not 
do so. The problem i s v i t a l to those using COSMOS data, and should 
be rect i f ied immediately. 
To investigate these results, further i t was decided that 
direot measurements of the area of the plate R1049 scanned by 
COSMOS should be made. Accordingly the plate was obtained on 
loan from R.O.E. The remainder of this section i s concerned with 
the preliminary results of measurements at Durham by the author 
and h i s colleagues. These measurements w i l l continue in greater 
The equipment used was an Olympus. Stereo. Microscope with 
magnification continuously variable between X10 and XifO. The 
2 
eyepiece scale covers, an area of 1 cm at X10. 
The smallest scale division corresponds to 25^m at X40 
magnification. In theory, sizes, of objects, could thus be estimated 
to within 10/~m. The diffuseness of most galaxy images, however, 
made i t d i f f i cu l t to estimate sizes to better than 25y*- Q « The 
microscope was mounted on a coordinatograph which allowed slow 
motion movement along two axes accurately at right angles. The 
coordinatograph v/as designed for automatic electronic d ig i ta l 
read out, however, and the coordinates could be set by hand, only 
to an accuracy of + 2 5 0 m . 
From the known pattern of bright stars on the scanned area the 
conversion constants from COSMOS to Durham coordinates were 
determined. 
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A l i s t was;. prepared from the COSMOS magnetic type of a l l objects 
f o r which the calculated 2a y 2 0 0 ^ m. There was a t o t a l of 62 . 
Each object i n t u r n was searched f o r at the pos i t ion indicated by 
have been posible unambiguously t o i d e n t i f y objects of t h i s size . 
I n f a c t 38 were i d e n t i f i e d . For each of the remaining 24 objects 
there was no galaxy w i t h i n the se t t ing e r ror distance down to one 
t h i r d of the recorded size. I n 12 cases there was a star w i t h i n the 
the se t t ing e r ror distance bu t , bearing i n mind that i n the other 
12 cases there was no large object at a l l , one can not be sure tha t 
COSMOS had recorded that s tar as a galaxy. Of the 38 i d e n t i f i c a t i o n s 
one was apparently a plate f a u l t , and 22*. were e l l i p t i c a l single 
galaxy images f o r which the calculated COSMOS a x i a l r a t i o should 
have been correct . Detai ls of these are given i n table 9 • 2he 
remaining 13 were complex objects : 9 were close pairs of galaxies 
which COSMOS had treated as a single object and 2 were groups of 3 
galaxies. 
Turtaiing to the 24 galaxies l i s t e d i n table $ one sees that the 
COSMOS a x i a l r a t ios are systematically smaller than the d i r e c t l y 
measured ones' and never exceed 0.6. This would be accounted f o r i f 
the COSMOS extents were too large or the image areas too small. 
For the largest galaxy i n table 9 the COSMOS values are dX=1000y^-m, 
dY = 240* m while the measured values were dX = 550/- m and dY =325ANm. 
For the other galaxies the discrepancies are smaller, the COSMOS 
extents being on average 15?S la rger than the Durham measured extents. 
I t seems then tha t the problem i s mainly that the recorded image areas 
are too small . 
COSMOS. Even a l lowing l o r the se t t ing er ror of -250/^m i t T should 
m w 550/-
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Table IX 
COSMOS coordinates and extents, calculated angular diameter 
and b/a, and measured angular diameter and b/a, f o r a l l 
unambiguously i d e n t i f i e d single galaxies w i t h 2a^200 / s m ( a l l 
dimensions i n microns). 
COSMOS Calculated Measured 
X Y dX dY 2a b/a 2a b/a 
121899 67659 168 240 271 0.41 175 1.0 
118084 55085 160 216 234 0.57 225 0.56 
117816 23413 272 240 352 0.24 325 0.31 
112.524 59206 184 176 222 0.56 175 0.86 
110281 36789 216 192 269 0.39 175 0.71 
109862 57746 192 128 204 0.53 150 0.67 
107652 75900 200 152 218 0.58 175 1.0 
106483 71937 1000 240 1000 0.03 600 0.42 
98178 54215 224 208 288 O.36 225 0.33 . 
92707 40574 1.36 184 218 0.32 250 0.30 
92275 79939 120 216 235 0.33 22> 0.56 
91871. . 29258 184 176 225 0.53 100 0.75 
91674 25545 184. 208 262 O.36 150' 0.50 
87338 57162 120 192 217 0.31 150 0.33 
83296 73230 176 224 258 0.47 100 0.75 
79934 20154 224 152 241. 0.51 75 1.0 
78172 69235 240 200 276 0.53 175 0.71 
69628 40906 | 232 216 . 281 0.52 100 0.75 
68168 37218 i 256 . 112 267 0.31 225 0.22 
' 65796 52782 176 152 207 0.51 100 1.0 
6146O 43938 168 144 203 0.44 175 0.71 
59622 55591 256 248 341 0.31 200 0.38 
57498 36696 272 552 607 0.16 550 0.18 
53495 89459 280 144 294 O.38 150 0.67 
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While the check of the 2a y 200/um objects, was being done i t 
was noticed that there were some large galaxies not recorded by 
COSMOS. A systematic scan of the area f o r a l l objects w i th 2a^400yum 
revealed 5 clear galaxies. Only 2 of there had been recorded as 
galaxies by COSMOS. 
One must conclude that f o r large galaxies ( y 200yum) the 
COSMOS data from plate R1049 are unrel iable . About 30$ of the 
objects recorded are not present and some rea l objects are missed. 
About 20% are pairs or groups of galaxies not resolved i n the coarse 
mode measurement. The recorded values, of extents and areas of the 
single e l l i p t i c a l galaxy images give calculated a x i a l r a t ios 
systematically smaller than the t rue values. 
This may not be important i f the smaller galaxies are measured 
co r rec t ly since they grea t ly outnumber the larger ones. There are on 
2 
average 17 galaxies per cm w i t h 2a y 100y^ m. For selected 1cm X 1cm 
areas the posi t ions of ad l galaxies w i t h calculated 2a^100y*»m were 
p lo t t ed . The centres of the microscope scale having been set by hand 
t o w i t h i n 250^-m of the centre o f the square i t was possible to 
recognize the pat tern of galaxies and to l i n e up the scale such 
that coordinates could be measured t o w i t h i n 10y*-m. I n t h i s way i t 
•2 
i s possible to check the COSMOS data;, over the whole 53 cm scanned 
2 
area . The resul ts of measurements o f 4 cm are as fo l lows • 
2 
I n the 4 cm area COSMOS recorded 71 galaxies w i t h calculated 
2a y "lOO^m^of these 60 were found to be single galaxy images, 2 
were doubles and one was a t r i p l e galaxy wi th components separated 
by ^ 100y*i m . There was one i d e n t i f i c a t i o n wi th a star and 2 wi th 
parts of the d i f f r a c t i o n spikes of b r igh t stars. The remaining 5 
2 
objects could not be seen. They were grouped together i n a 2 mm 
area and had recorded extents, up t o 8 7 2 T h e y appear to be 
spurious. 
-59-
For the 60 single galaxies the mean X extent from COSMOS was 104.9/um 
and the mean Y extent was 105. I^um. There i s thus no bias t o larger 
X extents f o r these galaxies. Our measured mean extents were 10if.^»m 
and 99.0yt,m i n the X and Y directions, respect ively. The agreement 
of the extents i s be t t e r f o r these than f o r the la rger galaxies . I n 
Fig.21 are p lo t t ed the calculated COSMOS a x i a l r a t i o versus the 
d i r e c t l y measured a x i a l r a t i o f o r a l l 60 galaxies . Again the COSMOS 
values are systematically lower so that i t seems that the image areas 
are again too small. Figure 22 shows the d i s t r i b u t i o n s of COSMOS and 
d i r e c t l y measured a x i a l r a t i o s . The d i r e c t l y measured ra t ios show the 
e f f e c t i v e quantizat ion of the axes i n to 25^>-m increments. The COSMOS 
d i s t r i b u t i o n fo l lows tha t given i n Figure 20 f o r a l l 936 galaxies. 
The ind i ca t i on i s that the COSMOS data are considerably more 
r e l i ab le f o r objects w i t h 100/um ^2a^200^»m than f o r the la rger 
objects w i t h regard t o the i d e n t i f i c a t i o n o f single galaxies and the 
X and Y extents. Unfortunately one must conclude that the coarse mode 
measurements of extents and image areas can not be used to i n f e r the 
a x i a l r a t ios f o r any size. 
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4 .9 - D i s t r i b u t i o n of nearest neighbour separation 
The observed frequency d i s t r i b u t i o n of nearest neighbour 
separations f o r 936 galaxies w i t h 2a ^100yum from COSMOS data i s 
shown i n Figure 23» Separations between mutual nearest neighbour 
are counted twice . Also shown i s the predicted d i s t r i b u t i o n (see 
appendix 1a) f o r a random d i s t r i b u t i o n o f galaxies on the sky 
assuming an average density of galaxies per un i t area equal to 
that observed. There i s no need t o consider quantization of pos i t ion 
i n t h i s case. 
The observed d i s t r i b u t i o n shows an excess at small separations. 
The excess- i n the f i r s t b in i s i n f a c t greater than that shown since, 
as we have seen, COSMOS w i l l t r ea t pairs o f galaxies as one when 
the separations, are ^ lOOyt^m. Again the c lus te r ing of galaxies i s 
confirmed. 
Although a covariance func t i on analysis has been done f o r the 
COSMOS data from t h i a plate i t was f o r galaxy images down t o smaller 
size l i m i t s so that an estimate can not yet be made of the mean 
number o f galaxies i n a c lus ter . I n the present -dis tr ibut ion- , f o r 
galaxies w i t h 2a y 100ywm, the excess occurs f o r separations 80(^m 
(54 arcsec).Inthe ROE data, which includes a l l galaxies w i t h 2a^ 50/wm 
the excess, occurs f o r separations ^ 4 0 0 y k m . This indicatea that the 
metric size of the clusters i s s i m i l a r f o r the two sets of 
observations. 
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CHAPTER 5 
GENERAL CONCLUSIONS AND DISCUSSION 
5 . 1 - General remarks 
I n recent years considerable advances have been made towards an 
understanding of the o r i g i n and evolut ion o f galaxies i n the Universe. 
On the t heo re t i ca l side two theories i n p a r t i c u l a r have been developed 
to the point where confronta t ion w i t h observation i s possible; these are 
the theories of Grav i ta t iona l I n s t a b i l i t y and Cosmic Turbulence(Jones, 
1976). 
The d i s t r i b u t i o n of angular momenta of the members o f great 
aggregations of galaxies can be used to d i s t inguish between these and 
other theories . Because o f the lack of suitable mater ia l previous 
analyses of t h i s k ind have reached c o n f l i c t i n g conclusions. 
With the advent of COSMOS however, many of the problems eg. 
subjective biasses, w i l l be overcome. I n the f i n e mode of operation 
the prospects f o r t e s t i ng the theories are excel lent . I n t h i s work we 
have hot only studied the pos i t ion angle d i s t r i bu t i ons but also those 
of a x i a l r a t i o s . The l a t t e r are more d i f f i c u l t t o in te rpre t i n terms of 
a non-random three-dimensional d i s t r i b u t i o n of angular momentum because 
the in t e rp re t a t ion requires a knowledge of the mixture of sp i ra l s and 
e l l i p t i c a l s . I t would thus be essential f i r s t to separate the 
d i f f e r e n t galaxy types before discussing non-randomness. Having said 
t h a t , however, studying the axis r a t i o s i s important since i t i s only 
by using pos i t ion angles and axis r a t ios together that one can be sure 
a non-random d i s t r i b u t i o n i s physical and not due to measurement 
problems. 
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5.2- Frequenpy d i s t r i b u t i o n of pos i t i on angles 
There are few catalogues that record pos i t ion angles f o r large 
numbers of galaxies. 
Brown's. results(1964, 1968) concerning the d i s t r i b u t i o n of 
o r i en ta t ion angles of s p i r a l galaxies i n d i f f e r e n t areas of the sky 
have been discussed and various s t a t i s t i c a l tes ts were appl ied. Brown 
moved galaxies to make the histogram smoother and found strong skew 
d i s t r i b u t i o n of pos i t ion angles. Our work shows the smoothing was 
unnecessary and has s i g n i f i c a n t l y a l t e red the histograms. However, even 
w i t h the raw data there are several f l uc tua t ions s i g n i f i c a n t a t the 2 6^ 
l e v e l and two above the 4 ^ l e v e l . A deta i led inves t iga t ion of the 
o ^ 1 C L : : 1 C C IT* t l ; » 3 « l u i - g o jjeaks l a i l e d co give more evidence r o r a 
physical non-randomness. Moreover, when the t o t a l number of possible 
histograms was computed the two events become hardly s i g n i f i c a n t ( a 
p r o b a b i l i t y of 1 i n 8.8 of i t having occurred by chance). 
I t i s apparent from frequency d i s t r i b u t i o n of pos i t ion angles f o r 
854 galaxies i n the ROE data, that there are large peaks at =0° and 
. 0 o 
<p =90 i n 1 b ins , and tha t there are subsidiary peaks at mul t ip les o f 
I 0 ° i n cp (Figure 10). This c l e a r l y i s due to the observer having measured 
t o d i f f e r e n t accuracies f o r d i f f e r e n t sizes, A f t e r summing the data i n to 
l a rger bins to take account of t h i s , some anisotropy i n the frequency 
d i s t r i b u t i o n of o r i en ta t ion angles(Figure 11, s o l i d l i nes ) remains- f o r 
the galaxies wi th smaller angular sizes. This anisotropy could be a 
rea l e f f e c t f o r the more dis tant galaxies, or i t could be due t o some 
undetermined biasses i n determining t h e i r o r ien ta t ion angles. 
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The r e l a t i v e l y small excess- f o r the 0° t o 10°and 80° to 90° 
ranges of the observed histogram of the d i f ference between orientations" 
o f nearest neighbour galaxies (Figure 12) can be accounted f o r by 
to the a r t i f i c i a l peaks at dp = 0° a n d ^ = 90° i n the N(c^>) 
d i s t r i b u t i o n s . 
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5.3- Nearest-neighbour resul ts 
Comparing the observed frequency d i s t r i b u t i o n of angular 
separations of nearest neighbour of galaxies i n both the ROE and 
COSMOS data w i t h that expected f o r a random d i s t r i b u t i o n , we found 
that there i s good evidence f o r c lus te r ing . A recent analysis o f the 
d i s t r i b u t i o n o f galaxies on a deep I l l a J Schmidt Telescope plate 
(Dodd, et_ a l . 1975) has shown tha t the resul ts are consistent w i t h 
the hypothesis that a l l galaxies are contained i n clusters containing 
from 2-6 members. By using the covariance analysis (Dodd, et a l . 1976) 
that gives a value f o r the angular extent of the olus ter we obtained 
an approximate estimate of 6.5 galaxies per c lus te r , which i s consistent 
w i t h the resul ts o f Dodd, et a l . ( i * ) ^ } , 
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5.4- Frequency d i s t r i b u t i o n of a x i a l r a t ios 
The frequency d i s t r i bu t i ons of apparent a x i a l r a t ios of 
galaxies depend upon the d i s t r i b u t i o n of t rue a x i a l ra t ios and 
upon any anisotropies i n the three-dimensional d i s t r i b u t i o n of 
angular momentum vectors. I n i n t e r p r e t i n g the a x i a l r a t i o s , because 
we have found no strong evidence f o r anisotropics i n pos i t ion angle, 
we have assumed a random d i s t r i b u t i o n of angular momentum vectors. 
I t i s should then be possible t o invest igate the d i s t r i b u t i o n of true 
a x i a l r a t ios and hence t o estimate the r e l a t ive numbers of e l l i p t i c a l 
and s p i r a l galaxies i n our samples of d is tant galaxies. 
There, are large quantization e f f e c t s i n the both major and minor 
axes measurements i n the ROE data. A f t e r these were allowed f o r the 
f r a c t i o n of sp i ra ls to e l l i p t i c a l s f o r the large galaxies was 
found t o be consistent w i t h , that obtained" by de Vaucouleurs(1963) 
and Van den Bergh(l975) • The peak at b/a =1 f o r the smaller 
galaxies (mentioned by Dodd, et a l . 1975) i s due to quantizat ion 
and selection e f f ec t s i n the measurements. 
From the COSMOS data i t should also ~be_possible to- obtain: 
a d i s t r i b u t i o n of a x i a l r a t i o s . I n the coarse mode the value of 
b/a i s not d i r e c t l y measured but should be calculable f o r images 
that are f i l l e d e l l ipses from the recorded X and Y extents and 
image areas. The COSMOS a x i a l r a t i o s however have a d i s t r i b u t i o n 
peaking at b/4s0.5 and strong d e f i c i t near b/a =1 • 
This d i s t r i b u t i o n can be reproduced by no mixture of s p i r a l and 
e l l i p t i c a l galaxies. The need f o r a v i sua l check of the data was 
thus indicated. 
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5.5- Visual check o f an area measured by COSMOS 
Only prel iminary resul ts concerning the v i sua l check of the area 
of plate R1049 measured by COSMOS are at present avai lable . 
Nevertheless they are of some in t e re s t . A l l reoorded nonste l lar 
objects w i t h 2a^200/»m have been checked over the t o t a l scanned 
2 
area and objects; w i t h 2a y 1 0 0 m have been checked over if cm . 
For both groups, the measured a x i a l r a t i o s are nearly always longer 
than the COSMOS a x i a l r a t ios but there i s otherwise l i t t l e 
cor re la t ion between the two. I t i s concluded that the coarse mode 
data can not at present be used to determine the a x i a l r a t ios and 
f u r t h e r work must make use of the f i n e mode f a c i l i t i e s of the 
machine . There are indications- that t h i s may be due t o the recorded 
image area3 being too small. For the la rger galaxies there are some 
important discrepancies between the v i sua l and COSMOS measurements. 
These have been discussed i n chapter k . COSMOS appears to be 
generating & s i g n i f i c a n t number of spurious objects and has missed 
some o f the largest c lear galaxies. For the smaller galaxies there 
"is much be t t e r agreement between the measurements. I t i s important 
to extend these invest igat ions to see, f o r instance, whether the 
use of the coarse mode data f o r covarianoe analysis of galaxy 
c lus te r ing i s j u s t i f i e d . Further tes ts would include, increasing the 
area over which checks, of 2a^"l00^.m objects have been^made and 
then extending the checks to s t i l l smaller objects . I t i s 
important to account f o r the assymmetry i n ' t he recorded X andY 
extents f o r s tars . A systematic v i s u a l scan of at least part o f 
the area f o r a l l objects w i t h , ' say, 2 a ^ 50^/u m should be made to 
see whether COSMOS i s missing a s i g n i f i c a n t proport ion of a l l the • 
galaxies or jus t the largest one3. This i s probably the most 
important cheok as f a r as the covariance analysis is. concerned. 
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APPENDIX 1_ 
Expected distr ibution of separation of nearest neighbour galaxies f o r 
a random distr ibution of individual galaxies 
a) No quantization of position measurements 
Yfe take a r ing with radius Q and width Q.& . I f we assume that 
f i s the average number of galaxies per unit area, the expected 
number of galaxies i n the area (/t<^) enclosed by the r ing would be 
Jrce^. The probabili ty of there being no galaxies i n this area is 
expC- t f / fr 2 ) . 
The probability of the distance to the next neighbour lying 
between ff and &-+<l&±s given by the product of the probabil i ty 
that no galaxies l i e i n the circle of radius @" and the probabili ty 
that one galaxy l ies i n the r ing of width dtf' , i e . , 
p( &• )d^= exp(-rc/fr2) 2\iJ<rsjy 
and, the probabili ty of a separation between <p and is : 
p(#)a<r =) expC-ff/* 2) znfe'ifr 
= exp(-Kj> 2 )-exp(-tf6% ) 
Therefore, multiplying the t o t a l number of galaxies i n the data by 
above number, we f i n d the expected number of nearest neighbour galaxies 
without quantization i n position* 
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b) With quantization of position measurement 
When the positions of galaxies are quantized , as i n the ROE data, 
the derivation of the expected distr ibut ion of separations of 
galaxies on the hypothesis of a random dis t r ibut ion of galaxies on the 
photographic plate, is as follows. 
Consider the area of the plate devided into a number of square 
cells each having sides of lengths. The expected number of galaxies 
i n one c e l l i s f s and the probabili ty of there being no galaxies i n 
a given ce l l i s e x p ( - f S 2) . The recorded position of a galaxy w i l l 
be that of the centre of the ce l l i n which i t f a l l s . I f nearest 
neighbour galaxies are both i n the same ce l l the i r recorded 
a A n n v»a + T r\r\ / 0 * rar-i 1 1 V»/-» r* v \ -mr\ T « n —— « X —. ^ -I — — ~ _ n • - - — j . 
- - J . - * ft M> * * w - . 0 « * . ^ i - M * \# •»-** W U J k*W O U W 
cells OR= S and so on . The possible values of & ^ and the number 
of cells having that separation from a given c e l l , N ( & T ) ) can be 
easily assertained by drawing out a square gr id . The poss ib i l i ty that 
the recorded nearest neighbour separation i n i s given by the 
probabili ty that there are no galaxies i n the cells, with separation 
minus the probabil i ty that there are no galaxies i n the cells 
with separation , i e . , 
P( t f R )=exp(-N«<? R ) / s 2 ) - e x p ( - N ( ^ R ) / s 2 ) 
For the ROE data : 
S = 254/cm /s 2=0.03393 
and the probabilities f o r the f i r s t few values of are l i s t ed i n the 
following table: 
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0 
1 
2 2 
5 2 
8 2 
«0J 
1 
4 
4 
8 
4 
4 
P ( ( T R ) 
0.0334 
0.1227 
0.1071 
0.0935 
0.1529 
0.0622 
0.0543 
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APPENDIX 2 
Frequency distr ibution and frequency function equations 
Schematically, we assume an e l l i p t i c a l contour f o r the galaxy 
drawn i n cross section through the centre 0 at r ight angles to i t s 
plane i n the direction of the observer, SE or 0E* being the l ine of 
sight, OY the polar axis of the galaxy.(See Figure A1). 
Let OE1 be the l ine of sight to the observer, making an angle i 
( inclination) v/ith OX or major axis and l e t OR be perpendicular to 
SE. SE is a tangent to ellipse , paral le l to and at a distanoe B 
from OE1 . The apparent axis ra t io is determined by b/a, which, fo r 
various values of angle i , ranges from b to a . 
xhe pruulem la Lu Couoi ^ - i n c the cpporcr.t ( i ) in terms of 
apparent and true axial ra t ios . I f we write equation of tangent, SE , 
as follows : 
y=-xtg i +ya t g i + B 
2 2 2 where y = a tg i + B is the intercept of the tangent on the o 
Y-axis. 
 t  i   
I n triangle 00*R we can write b= y cos i 
b = y_ cos i or 
b 2= ( a 2 t g 2 i + B 2 )cos 2 i 
b = a sin i + B cos i 
b 2 = a 2 s i r 2 i + B 2 ( l - s i n 2 i ) 
v2 2 . 2 . _2 .2 . 2. b = a sin i + B -b sin i 
b 2 - B 2 = s i n 2 i ( a 2 - B 2 ) 
I f we divide above equation by a , we would have : 
b 2 / a 2 -B 2 / a 2 = s i n 2 i ( l - B 2 / a 2 ) 
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As we know : 1 
r = b/a , r Q = B/a 
Therefore, 
r 2 - r 2 = s i n 2 ( l - r 2 ) 
0 o 
1 . [ ( r 2 - r . V ^ , ] * 
As we said i n context : F(i)= sin i 
then 
F(r) = [ ( r 2 - r 2 ) / 0 - r 2 ) j * 
i s frequency distr ibut ion of apparent axial r a t i o . 
We can take frequency function equation by di f ferent ia t ing equation 
of frequency distr ibution as follows : 
f ( r ) = d/dr (P(r)) 
f ( r ) = d / d r [ ( r 2 - r 2 ) / ( 1 - r 2 ) ] ' = 
then : . 
f (r ) = r j V - r 2 ) ( l - r 2 ) J ~ 
E 
OBSERVER 0 
R 
B 
F i g . - A1 
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APPENDIX 3 
OOUUOOOOOUOUO' 
Getting axial ratio(b/a) and position angle (<^b) from COSMOS data 
I f we suppose the image is t r u l y e l l i p t i c a l , we can f i n d the axial 
rat io and position angle by aid of geometry as follows: 
We construct two axes x ' and y 1 f o r the ellipse and write down the 
e l l i p t i c a l equation : 
f = x ' / a 2 + y « / b 2 
By di f ferent ia t ing the above relat ion, we have : 
-&f/-ax« = 2x ' /a 2 , T>f / -ay ' 2y ' / b 2 
so t g - f = y ' / x ' . a
2 / b 2 
In terras of COSMOS axes (X,Y)we are able to write : 
dX=2rCos(#> -'+0=2 x'Cos^ +y'Sin^ 4 
where r is the distance between point B and centre of el l ipse, but 
2 2 - f a 2 x ^ y ' / t g ^ . a / b or y'= / • + ~ ( = 1 
-^- 2> ' b 2 ] = b"tg^> 
nence ; 
dX=2y* | s i n ^ +a2Cos^/b2tgySrj= 2 J a2Cose^-+ b ^ i n ^ j 
Similarly f o r dy, we have : 
dy= 2 [ 
Also the area of ellipse would be, 
I f we combine a n d ^ , we have : 
2 0 . 2, 2 2,]z a Sin^» +b Cos <f>J 
A=Rab ® 
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or 
a +D = : 
4 
( a + b ) 2 = + 2 A / / r 
.2 „„2 
Let; Z 2= (a+b)2= + 2A/fl or Z =.a+b 
Then: 
b +Vrt1 ) = 2 iQ»* i»2-zb +Vrr =o 
So that : 
b=[z-(Z 2-4A/a )^J/2 
a= Z-b 
For finding position angle(<^3 ) , we oan use the following equation: 
dX=2(a^Cos^ t h ^ S i n ^ ) * 
dX2= 4(a2Cos2^ +b 2 Sin 2 ^ ) 
dX2= 4 (a 2 Cos 2 ^+b 2 ( l -Cos | )J =4a2Cos2«^+4b2-4b2Cos2<^ 
Then : 
4Cos2<£ (a 2 -b 2 )= dX2-4b2 
or 
Cos cf? = 
2 2 dX - 4b 
2 2 
,. 4(a - b ) 
this equation gives an orientation between 0 and 90 . 
N.B.1- I n above discussion, we are not able to distinguish between 
positive and negative values of <jj . 
N.B.2- The equation f o r the axial ratio(b/a) has no solution when 
Z 2 ( 4*4 ie ,. when dX
2 + dY 
2A 
( 6 JAMJ977 
